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ABSTRACT 
 Recently, cities across the world implemented Green Stormwater Infrastructure (GSI), a 
strategy that uses vegetation to manage stormwater. While evidence suggests that GSI provides 
ecological benefits to the urban environment, we know little about how GSI impacts human 
health and well-being. We know that urban nature, such as trees and parks, provides many 
human health benefits and is highly preferred. GSI, however, varies in shapes, sizes, and designs 
to support its unique stormwater functions. Its appearances greatly differ from the conventional 
urban landscape with mowed lawns and mature trees. Would these different forms of urban 
nature provides the same health benefits with trees alone? That is, to what extent do people 
prefer GSI as a part of urban landscape—and in extension, gain health benefits when they 
interact with GSI? This lack of knowledge prevents designers and planners from designing GSI 
that people prefer, which might reduce the effectiveness of urban nature. Furthermore, people are 
less likely to accept and contribute for the landscapes they do not prefer, which might affect the 
performance of GSI itself.  
 To address this research gap, I conducted four empirical studies linking GSI and human 
preference and well-being. First, I examined how people perceived and preferred different type 
of GSI using photo-questionnaire and factor analysis. Then, I examined how people preferred 
GSI landscapes with different vegetation density levels by analyzing three photo-questionnaire 
and Browndog’s Green Index, a recently developed tool that identifies vegetation density via 
machine learning and image processing. Third, I investigated the relationships between GSI 
density and two psycho-physiological measures: stress and attention. Finally, I examined how 
other urban contexts, such as perceived messiness, perceived levels of urban developments, and 
perceived safety influence GSI preference, and whether these contexts mediate the relationship 
between vegetation density and preference.  
 I found that different types of GSI are preferred differently, and messiness played a role 
in bio-retention preference. More vegetation density predicted higher preference, but an increase 
in vegetation density was associated with more dramatic changes in preference when the 
vegetation density level was low. I did not find a significant relationship between GSI, stress, 
and attention capacity. Finally, I found that perceived levels of urban developments and 
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perceived safety predicted GSI preference, but did not mediate the relationship between GSI 
vegetation density and preference.  
 From our results, I suggested that designers should not be discouraged from applying GSI 
in the urban environment, especially around the areas with low vegetation density. Designers and 
planners should emphasize neatness and cues of care in GSI designs. They should find a way to 
minimize perceived urban landscape, that is: make the landscape appear more natural, and 
increase perceived safety in GSI implementation, among other landscapes. This research is 
important because it is one of the first studies that objectively examined how people prefer some 
types of GSI, such as bio-retention. It also is the first few to use a recent research technology, 
Browndog’s Green Index, to further built-environment research. I proposed future studies to 
further examine the relationship between GSI density and stress and attention capacity, while 
considering the urban contexts and stormwater capacity and management of the GSI. This 
dissertation and my future studies will help contribute to make cities across the world healthier 
for humans and the surrounding ecosystem, and to bring nature to every doorstep. 
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Chapter 1: 
Introduction 
 
Every city requires an infrastructure that allows rainwater and melted snow to return to 
the natural water cycle without interrupting the lives of people living in the city. Unfortunately, 
the conventional way in which many U.S. cities manage stormwater threatens ecological systems 
as well as human health and well-being. Conventional stormwater management in urban areas 
tries to remove stormwater from the city as soon as possible. As soon as the water hits a hard 
surface, it runs in sheets, uninterrupted, into drains and pipes. The water is neither slowed nor 
absorbed during the process (Watson & Adams, 2010a). When the stormwater is too fast or too 
abundant, it negatively affects the condition of the streams and rivers where the water is 
deposited (US-EPA, 2008). To make the matter worse, many cities combine the flow of clean 
stormwater with sewage flow. This pollutes the rainwater, making it unsuitable for further use, 
unless it undergoes costly water treatment before returning to the natural streams (US-EPA, 
2013). This conventional stormwater management threatens the health and well-being of people 
and animals living near water ways (Dunn, 2010).  
To mitigate these stormwater issues, some U.S. cities have started to implement a newly 
popular stormwater management strategy called Green Stormwater Infrastructure (GSI) (US-
EPA, 2013). GSI is a subset of urban Green Infrastructure. Green Infrastructure (GI) is a term 
used to describe all systems that apply natural elements to urban areas to achieve environmental, 
social, and economical goals including the development of parks, installation and maintenance of 
street trees, or reclamation of land, etc.(Tzoulas et al., 2007). Green Stormwater Infrastructure 
refers to specific elements or systems designed to manage stormwater runoff and decrease 
pollution, such as green roofs, rain gardens, and bioswales (Kondo, Low, Henning, & Branas, 
2015b; US-EPA, 2008). These ecological design elements improve ecosystem health in urban 
built environments (Dietz, 2007). For example, many studies have found that GSI and GI help to 
restore water resources, improve air quality, mediate extreme temperatures, and increase 
biodiversity (Coutts, Forkink, & Weiner, 2014; Gómez-Baggethun & Barton., 2013; Tzoulas et 
al., 2007).  
 GSI helps resolve urban water issues by using vegetation and mimicking natural 
processes of water absorption and discharge to the ground. These actions help reduce peak flow 
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and thereby lower the chance of flooding, erosion, excess nutrient buildup, and pollution 
(Watson & Adams, 2010b).  A variety of GSI elements perform these functions. Some of the 
elements are easy to notice, such as tree canopies in a neighborhood or bioswales along a city’s 
sidewalks. Some disguise themselves as other parts of landscapes, such as rain gardens in a 
neighbor’s front lawn or a native planting at the city square (Watson & Adams, 2010b, 2010c). 
These elements not only affect the ecosystem, but they affect the experiences and behaviors of 
the citizens who live in the cities where they are implemented (Nassauer, 2004; Nassauer, Wang, 
& Dayrell, 2009).  
Unfortunately, we know little about the impact of GSI on humans. We do not know how 
much people prefer GSI, or the extent to which GSI impacts human health and well-being. While 
studies have shown that humans prefer urban nature, such as parks, mature trees, and short-
stemmed flowers, few studies address people’s preference for GSI, which consists mostly of 
grasses, sedges, and often wild-looking native plants. Although some studies suggest possible 
links between GSI and health benefits, most of these studies are focused on common types of 
GSI, such as street trees and urban forests. We do not know the impact of other elements of GSI, 
such as rain gardens and green roofs, on preference or human health. This lack of knowledge 
costs us: every time we implement GSI into an urban landscape, we risk creating stormwater 
management that people find unappealing or insufficiently restorative, and people are unlikely to 
reap health benefits from such places. 
 
Research Gaps 
Four gaps prevent us from understanding how GSI impacts human health and well-being. 
Unless we address these research gaps, designers and planners may be implementing GSI in 
ways that do not adequately promote the health and well-being of the people they serve. Below, I 
provide a brief overview of the gaps in knowledge regarding the relationship between GSI and 
human health.  
 
Types of GSI 
 We do not fully understand how each type of GSI is associated with human health 
benefits. We have substantial evidence that trees benefit human health. Studies have shown that 
exposure to trees and parks are linked to faster recovery from stressful events and mental fatigue, 
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lower levels of crime and self-reported violence, and reduced symptoms of physical and mental 
illnesses (F. E. Kuo, 2015; F. E. Kuo & Sullivan, 2001a, 2001b; F. E. Kuo, Sullivan, Coley, & 
Brunson, 1998). However, there are more types of GSI than trees, such as rain gardens, 
bioswales, and green roofs. Very little research has explored the relationship between GSI types 
and human health and well-being.  
 
Amount and dose of GSI  
 In the field of medicine, physicians learn the type and dosage of medicine to prescribe to 
provide the most efficient results. Because urban nature is a medicine to improve health and 
well-being, types and dosage requirements (how much nature is necessary or optimal) should be 
explored (Sullivan, Frumkin, Jackson, & Chang, 2014). Previous studies in this field have been 
mostly binary. That is, they compare environments in which nature is dominant versus 
environments in which nature is lacking (Hartig, Evans, Jamner, Davis, & Garling, 2003; F. E. 
Kuo & Taylor, 2004; Lauman, Garling, & Stormark, 2003; A. F. Taylor, Kuo, & Sullivan, 2002; 
Velarde, Fry, & Tveit, 2007). While studies about landscape preference are less binary, most of 
them explore people’s preferences for different landscape categories and do not explore different 
amounts of nature (Purcell, Peron, & Berto, 2001; Todorova, Asakawa, & Aikoh, 2004). The 
only studies addressing how the amount of vegetation impacts preference and health outcomes 
are studies on tree canopy density (Du & Law, 2016; Jiang, Larsen, Deal, & Sullivan, 2015; 
Jiang, Li, Larsen, & Sullivan, 2014; M. S. Taylor, Wheeler, White, Economou, & Osborne, 
2015). We need to learn more about the dose-response relationship between other types of GSI 
and human wellbeing. 
 
GSI Preference 
We know very little about which GSI elements are preferred. Preference is a good 
indicator of how well people will function in an environment. People tend to reap health benefits 
from the landscapes they prefer. Research has shown that certain GSI elements such as trees are 
highly preferred in a landscape (Jiang et al., 2015; Sullivan, 1994; Sullivan & Lovell, 2006; 
Todorova et al., 2004). However, preference for other GSI elements is mixed. In the U.S., the 
perennial elements of GSI consist mostly of prairie grasses which look nothing like the pasture 
landscapes of Western Europe—the cookie cutter landscapes that most people find ideal 
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(Nassauer et al., 2009). Furthermore, one of the gaps in our knowledge about GSI preference lies 
in the potential discrepancy between experts’ preference and laypeople’s preference (Hofmann, 
Westermann, Kowarik, & van der Meer, 2012). If designers and laypeople have different 
preferences for GSI, designers and planners must find a way to make sure that the landscapes 
they design are preferred by the people they serve.  
 
Challenges in understanding GSI’s surrounding urban contexts   
 The urban context of a landscape influence people’s perceptions of landscapes in many 
ways. While a feature, such as trees, can be beneficial to human health, these benefits can be 
diminished by other aspects of the urban context, such as trash on the sidewalk or broken 
windows (Troy, Nunery, & Grove, 2016). We do not know the extent to which people’s 
perceptions of the urban context impact their response to GSI. People’s perceptions of the safety, 
urban development, and messiness of the urban environment may impact how they perceive GSI 
(Crawford et al., 2008; Giles-Corti & Donovan, 2002; Van Dyck et al., 2010). This lack of 
understanding increases the risk of creating GSI that does not fit in the larger urban context and 
is negatively perceived by the community (Ley & Cybriwsky, 1974; Wilson, 1968). When people 
perceive their neighborhood context positively, they are more likely to interact with it and reap 
full health and well-being benefits from doing so (Coley, Sullivan, & Kuo, 1997; Maller et al., 
2009). Thus, GSI must be studied within the larger urban context to better understand the 
relationship between GSI and human well-being.  
 
Dissertation organization 
 This dissertation addresses these four challenges through five different studies. Below, I 
provide a brief overview of each study. 
 Chapter 2 is a systematic literature review in which I investigate the existing empirical 
evidence regarding the relationship between exposure to GI and GSI and human health. In this 
chapter, I address different types and doses of GI and identify gaps in knowledge that can be 
explored. 
 Chapter 3 describes a factor analysis study from a preference survey in which I 
investigated two questions: how do people perceive different types of GSI, and how does 
preference for GSI differ between laypeople and designers?  
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 Chapter 4 describes a statistical analysis of preference surveys in which we investigated 
how different types of vegetation density affect human preference.  
 Chapter 5 describes an experimental study in which we investigated the effects of GSI 
types and doses on human physio-psychological health. While the experiment did not yield 
significant findings, I make suggestions for improving the study design regarding the 
relationship between GSI or any built environment and human health. 
 Chapter 6 describes a video questionnaire in which we examined the relationship 
between preference for GSI and people’s perceptions of three urban landscape characteristics:   
messiness, level of urban development, and safety. In this chapter, I identify characteristics of the 
urban context which may influence the perception of GSI and how they are related to the doses 
of GSI and preference. 
 Chapter 7 summarizes the results from chapter 2 through 6. In this chapter, I provide a 
framework and a roadmap which researchers may employ to further understand the relationship 
between GSI and human health.   
 
 Chapters 3 through 6 are empirical studies that explore the relationship between GSI and 
health and well-being. The GSI factors and health and well-being indicators are explored in each 
study as summarized in Figure 1.1. 
 
Figure 1.1. This dissertation examines a variety of questions regarding how various types, 
densities and contexts of Green Stormwater Infrastructure influence or are related human health 
and well-being.  
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Expected Outcomes 
This dissertation will help us understand the relationship between GSI, preference, and 
human well-being. This research extends the preference and health benefits of urban nature 
beyond trees and parks into the realm of GSI. The preference surveys and experiment help 
landscape architects and city planners understand which GSI elements are most preferred and 
how much of a particular landscape feature will elicit a positive health effect. This dissertation is 
also one of the first to investigate interactions between two types of natural environment (trees 
and bio-retentions) on human health. I expect our results to be useful to designers and strengthen 
the notion that even small amounts of plants, such as those in bioswales and rain gardens, can 
improve ecological and human well-being. 
The knowledge provided by the results of this study could help bring nature, including 
GSI that is preferred and restorative, to every doorstep. These findings will add to a growing 
body of evidence that suggests how urban nature is important to human well-being, and will help 
encourage policy makers to allow, design, and propose more urban green spaces.  
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Chapter 2: 
Literature Review 
 
 Cities around the world are installing Green Infrastructure (GI) to improve urban 
ecosystem health and manage stormwater. GI is a larger category that includes Green 
Stormwater Infrastructure, infrastructure that is specifically implemented to manage stormwater 
effectively. GI includes well-known aspects of urban nature, such as tree-lined streets and parks, 
as well as newer, emerging landscape elements, such as raingardens and green roofs. Although 
we know that there are significant ecological benefits to GI, we know less about the extent to 
which different kinds of GI impact human health.  
 
Health Benefits of GI  
 For thirty years, scholars have assessed the health benefits of urban nature (Kaplan & 
Kaplan, 1989; Kuo & Sullivan, 2001a, 2001b; Jiang, Li, Larsen, & Sullivan, 2016). Although 
there are literature reviews exploring this topic, most citations in those reviews focus on studies 
published before 2010 (Hartig, Mitchell, de Vries, & Frumkin, 2014; Tzoulas et al., 2007). One 
recent review focused on the relationship between GI and the environmental conditions that 
might influence health but touched little on the direct health benefits (Coutts & Hahn, 2015). In 
this review, we explore how recent literature on GI and human health addresses the following 
questions: what are the mental, physical, and social benefits of GI? Which of these benefits are 
well established, and which need more support? To what extent do the findings generalize to 
other people and settings? Such a review can aid policy makers and health professionals as they 
work with cities to develop healthy environments and health guidelines. A better understanding 
of the various health benefits of GI will enable planners and public health professionals to make 
decisions based on costs and co-benefit of GI as a system while considering direct human health 
benefits.  
 
Types of GI that produce Health Benefits 
 To what extent do various types of GI promote human health? It seems clear that some 
forms of GI such as trees and parks promote health, but do the emerging forms of GI (e.g., 
raingardens, bioswales), promote health in the same ways? These new types of GI are called 
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Green Stormwater Infrastructure (GSI), and we are less confident about how GSI impacts human 
health. Some studies suggest that dense vegetation can make people feel uncomfortable because 
it looks like it might harbor harmful creatures such as snakes and spiders (Ulrich, 1993). Such 
settings are unlikely to promote human health.  To what extend does the density of GI or the kind 
of exposure to GI matter? Without addressing these questions, we risk installing types of GI that 
are less than supportive for humans.  
 To address these questions, I conducted a systematic literature review to understand the 
relationships between types of GI and human health. I answer the following two questions:  
- What are the documented health benefits from GI? 
- To what extent do different types and amounts of GI exposure impact human health? 
 
Methods 
 To answer these questions, I conducted a systematic review. Below, I explain how we 
conducted the literature search, created inclusion criteria, selected, extracted, and appraised the 
studies, and synthesized the data.  
 
Literature Search 
 Along with another scholar, I searched peer-reviewed articles published from January 
2011-2017 on PubMed, Scopus, and Web of Science.  We searched using terms from two 
categories of keywords. The first category contained keywords related to GI including “green 
infrastructure,” “trees,” “street trees,” “window views,” “green stormwater infrastructure,” 
“green spaces,” “open spaces,” “green views,” “views of nature,” “parks,” “bio-retention,” “rain 
gardens,” “bioswales,” “green roofs,” and “flowers.” The second category contained keywords 
related to health: “human health,” “well-being,” “attention restoration,” “stress recovery,” “social 
cohesion,” “pro-social behavior,” “mental health,” “crime,” and “social capital.” We paired 
words from these two categories separated by the word “AND.” For example, when we searched 
for a relationship between rain gardens and attention restoration, our search terms were “rain 
gardens AND attention restoration.” 
 Because we found few studies exploring how GSI (such as rain gardens and bio-
retention) impact human health, I expanded both our “health” terms and our “GI” terms in the 
secondary search. I included terms related to how people perceive GSI (e.g., feelings, preference, 
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perception) because perceptions and preference are a good indicator of how well people might 
function in and respond to environments (R. Kaplan & Kaplan, 1989; Korpela & Hartig, 1996). 
We also included characteristics of green spaces that are common in GSI designs (e.g., native 
plants, wetland, and biodiversity).  
 When a search with these various combinations of key words identified a literature 
review, I searched for peer-reviewed articles that cited those literature reviews. I also looked at 
important theories exploring the relationship between nature and human health (such as Kaplan’s 
Attention Restoration Theory that explains how people have more attention capacity after 
viewing nature) to better understand the studies we found that cite these seminal works.   
 
Inclusion Criteria 
1. Articles must have appeared in peer-reviewed journals, published in English, from 
January 2011- January 2017. 
2. Articles must report health outcomes from GI or any representations of GI, such as 
photographs and videos.  
3. The studies must use objective measures of health outcomes, such as blood pressure 
or scores from the Digit Span Forward attention test. Self-reported studies were 
excluded from this review because of the sheer quantity of such articles during the 
study period (over 730 published papers). If the studies used multiple measures, the 
self-reported results were not included in our review.  
4. I include all experimental designs, such as randomized controlled trials, quasi-
experimental studies, and natural experiments. We also include observational studies.  
5. Because studies of GSI (e.g., rain gardens, bio-retentions) and human health benefits 
are rare, I include studies exploring these forms of GSI and any health and well-being 
indicator. I accepted self-report results for these studies. These results are analyzed 
separately below.  
6. If the health outcomes were related to behaviors, the behaviors must be an indicator 
of physical, mental, and behavioral health, such as helpfulness, social cohesion, or 
aggression.  
7. I exclude GI’s impact on the environments that may influence health, such as water 
quality or air quality.  
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Study Selection, Extraction, and Appraisal 
 After the original search, I entered data regarding all the articles that passed the inclusion 
criteria in Endnote 7. To obtain meaningful information from the articles, I used standardized 
data extraction sheets to extract content including study design, characteristics, population, 
methods, and types of exposure or engagement with GI. I used the quality assessment process 
suggested by CRD’s Guide for Systematic Review (2009,) the Critical Appraisal Checklist from 
Critical Appraisal Skills Program (2013,) and the Quality Assessment Tool for Quantitative 
Studies from the Effective Health Practice Project (2013) to assess the robustness, validity, and 
generalizability of each study. These appraisal checklists have been used in other systematic 
reviews (Ohly et al., 2016). The studies that did not pass the appraisal standards were excluded. 
 
Data Synthesis 
 After the selection process, I organized the results based on types of health outcomes and 
types of GSI and identified what I already know, what I found promising, and what is missing 
from these studies.  
 
Results 
 Fifty-five articles fit all of the criteria identified above: forty-seven articles linked GI to 
direct health benefits, and eight articles linked newer types of GI (GSI) to well-being indicators. 
Twenty-three studies came from the U.S., nine from the U.K., four from Canada, four from 
Germany, three each from Lithuania and Australia, two each from Hong Kong, Spain, and 
Taiwan, and one each from China, France, Korea, Netherland, New Zealand, and Switzerland. 
Most studies originated from western countries, such as the U.S., Canada, and the U.K., in part 
because we searched for articles published in English (Figure 2.1).  
 I organize our results in two sections: 1) the health benefits of GI, and 2) the relationship 
between different types of GI and human health. 
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Figure 2.1. The locations of the studies.  
 
What are the documented health benefits associated with GI? 
 Three health themes emerged from our search: Body, Mind, and Behavior. Figure 2.2 
summarizes the health effects associated with GI, and Table 2.1 indicates which studies address 
each health outcome.  
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Figure 2.2. Three categories of health benefits associated with GI reported in recent literature. 
For each category, I list the three most reported health benefits.  
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Table 2.1. Summary of health outcomes from GI. 
Outcome  Categories Outcome 
measure 
Authors 
Body Cardiovascular 
health 
ECG (Wang, Rodiek, Wu, Chen, & Li, 2016) 
Heart rate variability (Brown, Barton, & Gladwell, 2013; Li & 
Sullivan, 2016)-Include Chang 2016 
Cardiovascular 
diseases 
(Donovan et al., 2013) 
Blood pressure (Brown et al., 2013; Grazuleviciene et al., 2014; 
Li & Sullivan, 2016; Markevych et al., 2014; 
Pilotti, Klein, Golem, Piepenbrink, & Kaplan, 
2015) 
Stress hormone Hair cortisol (Gidlow, Randall, Gillman, Smith, & Jones, 
2016) 
Salivary cortisol (Jiang, Chang, & Sullivan, 2014; Roe et al., 2013; 
C. Thompson, Ward et al., 2012) 
Pregnancy and 
birth outcomes 
Birth outcomes (Dadvand et al., 2012; Donovan, Michael, Butry, 
Sullivan, & Chase, 2011; Grazuleviciene et al., 
2015; Hystad et al., 2015) 
Pregnancy health (Grazuleviciene et al., 2014) 
Other Skin temperature (Li & Sullivan, 2016) 
Skin conductance (Jiang, Chang, et al., 2014; Li & Sullivan, 2016; 
Wang et al., 2016) 
Cardiovascular 
diseases 
(Donovan et al., 2013) 
Respiratory diseases 
& allergies 
(Donovan et al., 2013; Fuertes et al., 2014; 
Lovasi, O'Neil-Dunne, et al., 2013) 
Mortality rate (Donovan et al., 2013; Villeneuve et al., 2012) 
Obesity rate and 
BMI 
(Kim, Lee, & Sohn, 2016; Lovasi, Schwartz-
Soicher, et al., 2013; Wolch et al., 2011) 
Mind Memory Memory tests (Berman et al., 2012; Bratman, Daily, Levy, & 
Gross, 2015; Li & Sullivan, 2016; Pilotti et al., 
2015; Wang et al., 2016) 
Mental acuity Trail making test B (Shin, Shin, Yeoun, & Kim, 2011) 
Reaction time (Pilotti et al., 2015) 
Sustained attention (Lee, Williams, Sargent, Williams, & Johnson, 
2015) 
Color Stroop test (Beute & de Kort, 2014) 
Mood disorders Anxiety + mood 
disorder treatment 
(Nutsford, Pearson, & Kingham, 2013) 
Antidepressant 
prescription rates 
(M. S. Taylor et al., 2015) 
Performance under 
chronic depression 
(Berman et al., 2012) 
Other School performance (Wu et al., 2014b) 
Cognitive 
development 
(Dadvand et al., 2015) 
Emotional resilience (Balseviciene et al., 2014; Flouri, Midouhas, & 
Joshi, 2014) 
 
14 
 
Table 2.1. Summary of Health Outcomes from GI (Cont.)  
 
Behaviors Crime % of crime reduction (Branas et al., 2011; Donovan & Prestemon, 
2012; Du & Law, 2016; Kondo, Han, Donovan, 
& MacDonald, 2017; Kondo, Hohl, Han, & 
Branas, 2015; Troy, Grove, & O’Neil-Dunne, 
2012; Troy et al., 2016; Wolfe & Mennis, 2012) 
Self-regulation Behavioral resilience (Balseviciene et al., 2014; Flouri et al., 2014) 
Impulsivity control 
& Self-regulation 
(Berry, Sweeney, Morath, Odum, & Jordan, 
2014; Beute & de Kort, 2014) 
Pro-social 
behaviors 
Helpful behaviors (Guéguen & Stefan, 2016) 
Generous behaviors (Piff, Dietze, Feinberg, Stancato, & Keltner, 
2015) 
Lower Aggressive 
tendencies 
(Ng & Chow, 2016) 
 
1.1.How does GI benefit human bodies? 
 Previous studies have suggested that contact with nature and natural elements improves 
physical health (Hartig et al., 2014; F. E. Kuo, 2015; Ulrich, 1984). One of the underlying 
theories is that modern urban life causes stress (Ulrich et al., 1991), and chronic stress leads to 
physical sickness (Juster, McEwen, & Lupien, 2010). Stress Reduction Theory (SRT), 
sometimes known as the Psycho-evolutionary Theory, posits that people recover from stress 
more effectively when they are exposed to a more natural environment (Ulrich, 1983), thus 
reducing the potential of stress-related illness such as cardiovascular diseases, and other chronic 
health issues (Juster et al., 2010; Kyrou & Tsigos, 2008). In the search, I found that GI is linked 
to cardiovascular health, healthier patterns of cortisol secretion, better pregnancy and birth 
outcomes, and other physical health benefits. These are considered in detail below.  
1.1.1. Cardiovascular Health 
 Eight studies identified cardiovascular health benefits of GI. Some studies associated GI 
exposure with long-term cardiovascular health, such as lower risk of mortality by cardiovascular 
disease (Donovan et al., 2013) and healthier base-level blood pressure (Grazuleviciene et al., 
2014; Markevych et al., 2014). The association between GI and cardiovascular health has been 
observed in women during early pregnancy (Grazuleviciene et al., 2014) and in children 
(Markevych et al., 2014), even when other possible confounders are taken into account. Other 
studies showed the short-term effects of GI exposure through experimental settings. These 
studies reported that viewing a video of GI is associated with higher systolic blood pressure 
within a healthy range, an indicator that the participants are invigorated (Pilotti et al., 2015), and 
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with a steadier heart rate (K. G. Chang, Sullivan, Lin, Su, & Chang, 2016; Li & Sullivan, 2016; 
Wang et al., 2016). One study found that participants returned to their neutral blood pressure 
faster after a stressful experience if they watched a video of grasslands and trees beforehand 
(Brown et al., 2013).  
 These and previous studies support the notion that people who expose themselves to 
natural environments suffer less from chronic stress-related illness. They show that GI exposure 
is associated with better cardiovascular health both in the short and long term. Because of the 
consistency of this evidence, I am confident that GI exposure is associated with better 
cardiovascular health.           
1.1.2. Stress 
Studies examining the extent to which exposure to GI impacts stress have focused on two 
objective measures of stress. Three experiments report that as exposure to GI increases, 
participants experience healthier parasympathetic responses to stress measured by skin 
conductance and skin temperature (Jiang, Chang, et al., 2014; Li & Sullivan, 2016; Wang et al., 
2016). 
Similar results have been reported when the assessment of stress comes from measuring 
cortisol. Cortisol is a hormone released when humans are stressed. While cortisol is beneficial in 
the short term, high levels of cortisol over a prolonged time period can lead to a range of 
negative health outcomes, such as obesity, cardiovascular diseases, and gonad dysfunctions (L. 
E. Kuo et al., 2008; Kyrou & Tsigos, 2008). Four studies linked GI exposure to healthier cortisol 
levels. An experimental study found that stress-induced cortisol in men can be reduced by 
viewing videos of street trees of varying density (Jiang, Chang, et al., 2014). Other observational 
studies investigated depressed urban communities and found that higher densities of trees were 
associated with heathier cortisol patterns, both in saliva (Roe et al., 2013; C. W. Thompson et al., 
2012) and hair (Gidlow et al., 2016). Some studies showed differences between men and women. 
In the study by Jiang et al. (2014), salivary cortisol was correlated with GI exposure for men, but 
not for women. Another study found that in settings with little to no GI, women had a condition 
known as hypocortisolemia, meaning that their cortisol levels were too low. It is interesting to 
note that this condition did not occur for women in neighborhoods with more GI (Roe et al., 
2013). 
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 The evidence demonstrating an association between GI and stress is new and promising. 
It supports Ulrich’s Stress Reduction Theory by showing that people who are exposed to natural 
elements – even in urban settings – are more likely to recover from stress sooner and less likely 
to suffer the long term health effects of stress. Future research might explore the interaction 
between exposure to GI and gender in cortisol secretion and other stress related outcomes.  
1.1.3. Pregnancy and Birth Outcomes 
 Five studies reported links between GI exposure and healthier pregnancy and birth 
outcomes. Residential proximity to GI is associated with higher term birth weight in three studies 
(Dadvand et al., 2012; Grazuleviciene et al., 2015; Hystad et al., 2015), larger head 
circumference (Dadvand et al., 2012), lower risk of the baby to be too small for their gestational 
age (Donovan et al., 2011; Hystad et al., 2015), and healthier blood pressure in pregnant women 
(Grazuleviciene et al., 2014). These relationships persist even after air pollution, noises, and 
accessibility by walking are taken into account (Hystad et al., 2015).  
 Although the evidence linking exposure to GI with positive pregnancy outcome is 
promising, the mechanisms remain unclear. Is stress the main mediator in this relationship? To 
what extent might other factors, such as physical activity, mediate the relationship? Future 
research might explore the extent to which exposure to varying levels of GI influence pregnancy 
and birth outcomes.  
1.1.4)  Other physical health benefits 
 Aside from the benefits described above, other benefits of exposure to GI include reduced 
respiratory diseases and allergy rates in rural areas (Donovan et al., 2013; Fuertes et al., 2014; 
Lovasi, O'Neil-Dunne, et al., 2013), lower rates of obesity, reductions in body mass indexes 
(Kim et al., 2016; Lovasi, Schwartz-Soicher, et al., 2013; Wolch et al., 2011), and lower 
mortality rates (Donovan et al., 2013; Villeneuve et al., 2012). I found this evidence promising, 
but more studies are needed to replicate these findings. 
 One study reported conflicting results. In a study about residential tree density and 
children’s allergies and respiratory diseases in Germany, researchers reported that tree density 
was associated with lower allergy rates in Northern Germany, but higher allergy rates in 
Southern Germany (Fuertes et al., 2014). The author speculated that the confounder might be the 
level of urbanization. This incongruence should also be explored further.  
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1.2.How does GI benefit humans’ minds? 
 I categorized the benefits of GI on human minds with respect to attention, mental health, 
and other cognitive benefits.  
1.2.1. Attention  
 The relationship between exposure to settings that include nature and the improvement in 
the ability to pay attention is well established (Hartig et al., 2014; Ohly et al., 2016; A. F. Taylor 
et al., 2002). Improvement in attentional capacity after exposure to GI is widely attributed to a 
process described by Attention Restoration Theory (ART). ART posits that being in nature (even 
urban settings with vegetation) restores fatigued attention, allowing humans to function and 
make decisions more effectively than when they are mentally fatigued (S. Kaplan, 1995).  
 Five studies reported a significant positive association between exposure to GI and 
attention measured through short-term memory tests. The studies took place in laboratory or field 
settings and compared the relationship between viewing or walking in open green spaces and 
memory. Short-term memory was tested using Digit Span tests (Berman et al., 2012; Bratman et 
al., 2015; Li & Sullivan, 2016; Wang et al., 2016). One study investigated the association of 
exposure to GI and long-term memory by asking participants about the details of the room in 
which the experiment took place one week earlier. Individuals who had been randomly assigned 
to watch videos with higher levels of GI recalled more details of the experiment room (Pilotti et 
al., 2015). Another study reported that the relationship between GI and short term memory 
extended to individuals with depression (Berman et al., 2012).   
 Four studies report a positive relationship between exposure to GI and attention capacity 
measured through a variety of attention tasks such as the Trail Maker Tests, Operation Span 
Task, Change Detection, and Attention Network Tasks (Bratman et al., 2015; Lee et al., 2015; 
Shin et al., 2011). Viewing a GI video has also been shown to significantly help office workers 
respond to visual stimulants more quickly (Pilotti et al., 2015).  
 These studies give me confidence that exposure to GI can improve cognitive functioning 
by improving short-term memory and our ability to pay attention. GI’s impact on long-term 
memory is an area ripe for further research. Researchers might also explore the extent to which 
exposure to GI helps delay cognitive deterioration associated with aging.    
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1.2.2. Mental Health 
 In addition of improving cognitive functioning, there are hints that exposure to GI is 
associated with a lower risk of depression, anxiety, and mood disorders. Two studies reported an 
association between GI and mental health. They found that living near GI is associated with a 
lower risk of receiving anxiety mood disorder treatments (Nutsford et al., 2013) and a lower rate 
of prescriptions for antidepressant medication (M. S. Taylor et al., 2015).  
 Although these studies are promising, more evidence is needed to explore and eliminate 
confounding factors such as the length of the symptoms, the accessibility to treatments, poverty, 
and a host of other factors.  
1.2.3)  Other benefits on humans’ minds 
 In addition to the growing body of evidence demonstrating that exposure to GI has 
positive impacts on attention and is linked to better mental health, there are hints of other 
benefits. Exposure to GI is linked to cognitive development in children (Dadvand et al., 2015), a 
reduction in emotional problems in children (Flouri et al., 2014), and an improvement in school-
related performance (Wu et al., 2014b). Future research should try to replicate these findings in 
different settings to gain more confidence in them.  
1.3.How does exposure to GI impact human behaviors? 
 Past research has suggested a link between GI and less anti-social behavior (F. E. Kuo & 
Sullivan, 2001a, 2001b). One explanation for this relationship is Attention Restoration Theory 
(ART). ART posits that contact with nature improves one’s ability to employ top-down attention 
(what, in layperson terms, we often call “paying attention”). When we have a greater reserve of 
top-down attention, we have better control of our behavior and are more thoughtful and 
reasonable (S. Kaplan, 1995). In our search, I found that GI is linked to three main behavioral 
benefits:  lower crime, increased self-regulation, and greater likelihood of pro-social behaviors.  
1.3.1. Crime 
 Eight studies linked exposure to and availability of GI with lower crime rates. The 
findings held for both property crime (e.g., vandalism, burglary, robbery), drug crime (e.g. uses 
of narcotics), and violent crime (e.g., assaults, sexual assaults, gun assaults) (Branas et al., 2011; 
Donovan & Prestemon, 2012; Du & Law, 2016; Kondo et al., 2017; Kondo, Hohl, et al., 2015; 
Troy et al., 2012; Troy et al., 2016; Wolfe & Mennis, 2012). It is notable that while GI is 
consistently associated with lower violent crime rates, one study found that crimes against 
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property sometimes increase after GI installation (Kondo, Hohl, et al., 2015). The authors do not 
provide any suggestions of why that might be the case. 
 These studies support the finding that trees are associated with lower crime rates, a 
finding that was first reported long before this review (Brunson, Kuo, & Sullivan, 2001; F. E. 
Kuo & Sullivan, 2001b; F. E. Kuo, Sullivan, et al., 1998). Hence we can be confident that at least 
some types of GI (mainly trees and open spaces with trees) are associated with lower crime rates. 
Future studies might investigate the effects of different types and dosage of GI on crime.  
1.3.2. Self-regulation 
 Three studies linked exposure to GI with a greater ability for self-regulation. This 
relationship can be explained by the Attention Restoration Theory. People who can focus better 
have a better control of their behaviors (Baumeister & Vohs, 2003). One study showed that 
children who had access to GI had fewer conduct and peer issues and hyper-activity problems 
(Flouri et al., 2014). Experimental studies found that people who saw GI images and videos 
controlled their impulses better than those who did not (Berry et al., 2014; Beute & de Kort, 
2014). One study, however, showed that short-term exposure to GI had a positive impact on 
impulse control but not higher order executive functioning tasks (Beute & de Kort, 2014).    
 More studies are needed to clarify the relationship between GI and self-regulation. 
Previous studies show that long-term exposure to greenness can mitigate symptoms of children 
with ADHD (A. F. Taylor, Kuo, & Sullivan, 2001). This raises the question, Can exposure to GI 
help regulate long-term behaviors that are bad for health, such as smoking, drinking, or eating 
unhealthy food?  
1.3.3. Pro-social behaviors 
 Pro-social behaviors are good indicators of health (Corbett, 2005). There has been 
evidence in previous studies that exposure to GI increases social ties among neighbors (Kweon, 
Sullivan, & Wiley, 1998). Three articles reported that exposure to GI was linked with pro-social 
behaviors. A field experiment reported that after walking through the park, participants were 
more likely to inform a stranger who had dropped their glove (Guéguen & Stefan, 2016). 
Another article explored how aggressive tendencies were influenced by exposure to nature. It 
reported that the aggressive tendencies changed after viewing environments with higher levels of 
security and resources (some images contained GI, and the other did not). People expressed less 
aggression in resource-rich environments that felt safe, such as a savannah-like landscape, but 
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more aggression in environments with fewer resources and security, such as a desert. The authors 
suggested the impact had more to do with resource availability, but the level of security played a 
role in the behavior and should not be overlooked (Ng & Chow, 2016). Another study showed 
that children displayed more generous behaviors after being surrounded by tall trees (Piff et al., 
2015).   
 These findings are congruent with past research linking types of GI with stronger social 
ties (F. E. Kuo, Sullivan, et al., 1998). More research is needed to establish stronger links 
between GI and pro-social behaviors. Many questions remain unanswered. For instance, all three 
of the Guegen, Piff, and Ng & Chow studies reported different behaviors from two groups of 
participants. Is it possible to see changes in behaviors within a person before and after exposure 
to GI? Furthermore, we excluded studies with self-reported results, a common method for 
researching pro-social behavior. Recent studies using self-reported data show a relationship 
between exposure to GI and pro-social behaviors (Holtan, Dieterlen, & Sullivan, 2014; 
Kaźmierczak, 2013).    
 Promising evidence exists that exposure to GI is linked with lower crime rates, better 
self-regulation, and pro-social behaviors. Only a few studies, however, demonstrate a causal 
relationship between GI and pro-social behavior (F. E. Kuo & Sullivan, 2001b). We also need 
more information regarding how a host of demographic and social factors interact with exposure 
to GI to influence these outcomes.  
 
To what extent do different types and amounts of GI exposure impact human health? 
 There is considerable evidence that exposure to trees and green spaces is beneficial for 
human health – and indeed, the body of evidence is growing. Still, for the newer types of GI, 
such as rain gardens, bioswales, and green roofs, we have much less information. In this section, 
I examine the extent to which various types of GI, and densities of GI are linked to human health 
benefits. Figure 2.3 provides a summary of the associations between the types of GI and the type 
of benefits. Table 2.2 identifies the measures various authors have used to measure the 
relationships among GI and human health.  
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Figure 2.3. A summary of the associations between the types of GI and the type of benefits. 
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Table 2.2. Research measures regarding the relationship of trees, open spaces, and human health. 
Category Variables Authors 
Trees Satellite tree density (Balseviciene et al., 2014; Dadvand et al., 2015; Dadvand et 
al., 2012; Donovan et al., 2013; Donovan et al., 2011; 
Donovan & Prestemon, 2012; Du & Law, 2016; Fuertes et al., 
2014; Gidlow et al., 2016; Grazuleviciene et al., 2015; Hystad 
et al., 2015; Kondo et al., 2017; Lovasi, O'Neil-Dunne, et al., 
2013; Markevych et al., 2014; Roe et al., 2013; C. Thompson, 
Ward et al., 2012; Troy et al., 2012; Wolfe & Mennis, 2012; 
Wu et al., 2014b) 
Street tree density (Lovasi, Schwartz-Soicher, et al., 2013; M. S. Taylor et al., 
2015) 
Eye level tree density (Jiang, Chang, et al., 2014) 
Open Spaces Proximity/ access to  
green space 
(Balseviciene et al., 2014; Flouri et al., 2014; Grazuleviciene 
et al., 2015; Grazuleviciene et al., 2014; Kim et al., 2016; 
Nutsford et al., 2013; Villeneuve et al., 2012; Wolch et al., 
2011) 
Walking in an open 
spaces 
(Berman et al., 2012; Bratman et al., 2015; Guéguen & 
Stefan, 2016; Piff et al., 2015; Shin et al., 2011)  
Views of open spaces (Berry et al., 2014; Beute & de Kort, 2014; Brown et al., 
2013; Li & Sullivan, 2016; Pilotti et al., 2015; Wang et al., 
2016) 
Other types of GSI Views of green roofs (Lee et al., 2015) 
Presence of rain 
gardens/ bioswales 
(Kondo, Low, Henning, & Branas, 2015a) 
 
2.1. Tree density 
 Previous research has established that trees provide a wide variety of health benefits (F. 
E. Kuo, 2015). These studies have explored how the presence and amount of trees influence 
health outcomes (F. E. Kuo, Bacaicoa, & Sullivan, 1998; F. E. Kuo & Sullivan, 2001a, 2001b; F. 
E. Kuo, Sullivan, et al., 1998). Although we have good evidence that exposure to some trees is 
better than to no trees, fewer studies have explored the impact of varying densities of trees.  
 Tree density is positively associated with lower crime rates (Donovan & Prestemon, 
2012; Du & Law, 2016; Kondo et al., 2017; Troy et al., 2012; Wolfe & Mennis, 2012), more 
optimal cortisol patterns (Gidlow et al., 2016; Jiang, Chang, et al., 2014; Roe et al., 2013; C. 
Thompson, Ward et al., 2012), healthier blood pressure (Grazuleviciene et al., 2014; Markevych 
et al., 2014), lower rate of obesity (Lovasi, O'Neil-Dunne, et al., 2013), lower allergy rates 
(Fuertes et al., 2014), higher cognitive development and performance (Dadvand et al., 2015; Wu 
et al., 2014b), lower rate of anti-depression medication (M. S. Taylor et al., 2015), and better 
pregnancy outcomes (Dadvand et al., 2012; Donovan et al., 2011; Grazuleviciene et al., 2015; 
Hystad et al., 2015). 
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 Most of the studies are correlational, considering only linear relationships between tree 
density and health outcomes. Most of the studies consider broad categories of tree density (high, 
medium, or low). Thus, the nature of the association is still unclear. One study looked at the 
nature of the relationship by studying how varying percentages of eye-level tree density 
influenced stress recovery in men and found that the relationship was a bell curve. That is, when 
tree density levels were low, small increases in tree cover density yielded significant increases in 
stress recovery. Tree density between 24% to 34% yielded no change in stress recovery, and tree 
densities above 34% were associated with slower recovery (Jiang, Chang, et al., 2014).    
 This research increases our confidence that greater tree density is associated with a 
variety of health outcomes. While there is growing evidence on the relationship of trees and 
health outcomes, a large body of research is still needed to answer more questions about this 
relationship. We need more research on the impact of varying doses, frequency of exposure, and 
duration of exposure to trees and other types of GI on human health (Sullivan et al., 2014). We 
also need to improve our understanding regarding the nature of the relationship.  
 
2.2. Green spaces   
 It is important to consider the impact of green spaces, such as parks, school grounds, 
urban forests, and other areas,  on human health because they are the spaces in which people 
spend their time and reap the benefits of nature (Ward Thompson & Travlou, 2007). There are 
three main categories of measures used to examine green spaces: proximity to green spaces, 
views to green spaces, and walks in green spaces. 
2.2.1.  Proximity 
 Proximity to green spaces is one of the most popular measures for green space exposure. 
Six studies linked the distance between home and green spaces to health outcomes. The closer a 
person is to a green space, the more likely they are to be healthy. The outcomes were found in 
studies of pregnant women (Balseviciene et al., 2014), newborn children (Grazuleviciene et al., 
2014), school-aged children (Balseviciene et al., 2014; Wolch et al., 2011), and adults (Nutsford 
et al., 2013; Villeneuve et al., 2012). 
 The health outcomes associated with the proximity to green spaces include mental health 
(Balseviciene et al., 2014; Nutsford et al., 2013), pregnancy outcomes (Grazuleviciene et al., 
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2015), blood pressure (Grazuleviciene et al., 2014), lower rates of obesity (Wolch et al., 2011), 
and lower mortality rates (Villeneuve et al., 2012). 
 Most of the proximity measures are determined by satellite images. These studies do not 
take into account the actual accessibility of the green spaces, nor do they measure the condition 
or size of the open spaces. Future research should address these shortcomings.   
2.2.2.  Views of Green spaces 
 Six experimental studies found viewing green spaces impact health outcomes. Three 
investigated the impact of viewing videos of green spaces (Jiang, Chang, et al., 2014; Pilotti et 
al., 2015; Wang et al., 2016). Three other studies investigated the impact of viewing images of 
green spaces (Berry et al., 2014; Beute & de Kort, 2014; Brown et al., 2013). One study 
investigated the impact of window views looking out onto open green spaces (Li & Sullivan, 
2016). All of these studies investigate only two to three categories of views: view of green 
spaces, view of urban areas, or no view at all. The views to green spaces and to urban settings 
differ in each study, and they do not compare different types of GI.  
 The health benefits that derive from views of green spaces include better self-regulation 
(Berry et al., 2014; Pilotti et al., 2015), better recovery from acute stress (Brown et al., 2013; 
Jiang, Chang, et al., 2014; Wang et al., 2016), better attentional functioning (Li & Sullivan, 
2016; Pilotti et al., 2015; Wang et al., 2016), and better mental acuity (Pilotti et al., 2015; Wang 
et al., 2016).    
2.2.3.  Walks in green spaces 
 Compared to simply viewing landscapes, walking in green spaces allows more sensory 
immersion. Five studies linked walking in green spaces with better health outcomes. These green 
spaces include city parks (Berman et al., 2012; Bratman et al., 2015; Bratman, Hamilton, & 
Daily, 2012; Guéguen & Stefan, 2016)and urban forests (Shin et al., 2011). Most of the studies 
are experimental and compared the effects of walking in open spaces with health outcomes 
(Berman et al., 2012; Bratman et al., 2015; Bratman et al., 2012; Shin et al., 2011). One study is 
a field experiment investigating the effects before and after a walk in a park (Guéguen & Stefan, 
2016). All these studies are binary, comparing walks in green spaces to walks in spaces that 
contained little or no vegetation.  
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 The health benefits associated with walks in green spaces include better capacity to pay 
attention (Berman et al., 2012; Bratman et al., 2015; Bratman et al., 2012) and a greater tendency 
for prosocial behaviors (Guéguen & Stefan, 2016; Piff et al., 2015).   
 Overall, this set of results is congruent with previous studies that exposure to green 
spaces provides physical and mental health benefits. Because most of these studies compare the 
presence of green spaces with the absence of green spaces, there is a great deal we do not know 
about exposure to such spaces. Future research should investigate the types or quality of these 
green spaces, along with other issues related to exposure, such as dose of nature, frequency of 
exposure, and the duration of exposure (Sullivan et al., 2014). 
  
2.3. Other types of GI 
 I found very few studies regarding the relationships between the newer types of GI, such 
as rain gardens, bio-swales, and green roofs, and human health. These types of GI are called 
Green Stormwater Infrastructure (GSI) (Kondo, Low, et al., 2015a). I found two studies linking 
these newer types of GSI to human health. One experimental study linked views of green roofs 
with a health outcome. Participants who viewed green roofs for 40 seconds performed better on 
sustaining attention (Lee et al., 2015). Another experiment found that, compared to the control 
neighborhoods, narcotics use was reduced in neighborhoods that implemented rain gardens and 
bioswales. The author suggested that by bringing GSI to the streets, the neighborhood looked 
more cared for, and people did not go out and use narcotics in public. (Kondo, Low, et al., 
2015a).  
 Because there is so little evidence regarding these newer types of GSI and human health, 
I expanded our search in two ways: 1) I expanded the keyword search to other well-being 
indicators, including preference, perception, happiness, disease vectors, and self-report stress. 2) 
I expanded our search to other types of urban vegetation that often contain newer types of GSI 
(vacant lot redesigns and residential landscapes) and typical characteristics of newer types of 
GSI (biodiversity and ecological plantings). By expanding our search, I found several more 
sources relating newer types of GSI and urban vegetation to health and well-being indicators. 
Figure 2.4 shows the associations between these newer types of GSI and human well-being 
indicators. Table 2.3 summarizes the relationship between the newer types of GSI and human 
well-being indicators. 
26 
 
 
Figure 2.4. Recent evidence regarding the relationships between types of GSI and human health. 
 
Table 2.3. Relationships between GSI, human health, and well-being indicators. 
 Types of GI Well-being indicators Citation 
Green roofs Lower mosquito count (Wong & Jim, 2016) 
More preferred (Jungels, Rakow, Allred, & Skelly, 2013; Lee, 
Williams, Sargent, Farrell, & Williams, 2014; 
Loder, 2014; White & Gatersleben, 2011) 
Perceived as restorative (Loder, 2014) 
Other Steadier heartbeat (K. G. Chang et al., 2016) 
More preferred (Hofmann et al., 2012; Lindemann-Matthies & 
Marty, 2013) 
Higher happiness index (Adjei & Agyei, 2015) 
 
2.3.1. Green roofs, rain gardens, and bioswales 
 Five studies investigated perceptions, preference, and well-being indicators of green 
roofs. On average, participants preferred green roofs over roofs without vegetation (Jungels et 
al., 2013; Loder, 2014; White & Gatersleben, 2011) and rated them more restorative and more 
likely to increase positive moods than barren roofs (White & Gatersleben, 2011). These studies 
reported different findings regarding the kind of green roofs people prefer: tall grass (Lee et al., 
2014; White & Gatersleben, 2011) versus succulent plants (Jungels et al., 2013). They agree, 
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however, on one notion: attractive green roofs compliment the surrounding architecture (Jungels 
et al., 2013; White & Gatersleben, 2011). One qualitative study examined the extent to which 
green roofs are restorative to humans and reported that individuals who saw green roofs as a part 
of nature were more likely to feel as if the roofs were restorative (Loder, 2014). A notable study 
from Hong Kong provided evidence that, compared with barren roofs, green roofs are associated 
with lower counts of mosquitoes, thus reducing health risks for mosquito-borne diseases (Wong 
& Jim, 2016).  
2.3.2. Other vegetated components of GSI 
 I expanded our search to include any type of urban vegetation, ecological planting, or 
landscape improvements to see what evidence might inform ways to design GSI. I found two 
components of GSI that are linked with well-being indicators: biodiverse plantings and vacant lot 
redesigns.    
 Biodiverse plantings: Because newer forms of GSI (such as rain gardens and bioswales) 
often include native, ecological plantings, they are generally more biodiverse than other more 
traditional urban nature designs (US-EPA, 2015). I included “biodiversity” in our keyword 
search to see if more biodiverse plantings are associated with indicators of well-being. One study 
reported that biodiverse landscapes can reduce stress in the same way that conventional 
landscapes do (K. G. Chang et al., 2016). Two studies have shown some relationship between 
higher biodiversity and preference. One reported the relationship between biodiversity and 
attractiveness: the more biodiverse a planting, the more likely people are to find it attractive  
(Lindemann-Matthies & Marty, 2013). The other reported higher levels of happiness from 
spending time in a biodiverse area compared to other areas (Adjei & Agyei, 2015).  
 Natural vs. geometric plantings: Newer forms of GSI often include more species richness 
and natural plantings. Some people describe such plantings as “messy.” An experimental study 
exploring the nature of plantings found that redesigning urban vacant lots to include organized 
components, such as trees and mowed grass instead of weeds, reduced crime rates (Kondo, Hohl, 
et al., 2015). A study in Germany investigated differences in landscape planners and laypeople’s 
perception of urban vacant spaces and reported that both groups like species richness, but 
laypeople prefer formal parks with well-trimmed plants and geometrical designs, while 
landscape planners prefer more natural-looking areas. People will visit vacant lots with wild 
vegetation if maintenance and accessibility is provided (Hofmann et al., 2012). 
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 Overall, there is little research showing that newer types of GSI are associated with 
positive health outcomes.  Still, I found some promising suggestions regarding the relationships 
among attention restoration and green roofs, crime reduction and rain gardens and bioswales, and 
attractiveness in green roofs and biodiversity. We need more evidence to understand the 
relationships between GSI, preference, and human health.  
 
Discussion 
 In this systematic review, I found evidence that GI is associated with health benefits for 
the body, the mind, and human behavior. These health benefits come from living in an area with 
dense tree cover and green spaces, from walking in green spaces or under tree canopy, or from 
viewing videos or images of green spaces and trees. I summarize the key findings below. 
- Exposure to spaces including GI helps people recover from stress more quickly than 
exposure to spaces that do not contain GI. Exposure to GI reduces levels of the stress 
hormone cortisol and reduces a range of physiological measures of stress such as skin 
temperature, skin conductance, and heart rate variability. These findings have 
implications for the immediate and long-term health of individuals. 
- Exposure to GI helps people recover from mental fatigue, improving attentional 
functioning and self-regulation. 
- Exposure to GI is associated with lower risks of mental health risks, such as depression, 
anxiety, and mood disorders. 
- Higher levels of GI are associated with reduced crime and a greater tendency for pro-
social behaviors. 
 A small number of studies exploring newer forms of GI (GSI) suggest they may be linked 
with reduced crime and attention restoration, and that people prefer gardens with higher 
biodiversity and green roofs that match the architecture of the building. Much more research is 
needed to verify these findings and to show how GSI impacts human health.    
 Based on this review, I make the following recommendations for designers and planners. 
1. Preserve and plant as many trees as possible and maximize the amount of green spaces in 
cities. 
2. Focus GI resources on low-income and high-crime environments where exposure to GI is 
most needed and may have the greatest impact. 
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3. Advocate for GI by educating people about the benefits of exposure to trees and green 
spaces. 
4. Design indoor spaces so that people have views of trees and green spaces.  
5. Place trees and green spaces near public places accessible to people that might benefit 
from them, such as high-stress work places, maternity wards, psychiatric wards, offices, 
and schools.  
6. Work with GI researchers to find the optimal types and sizes of GI to implement for both 
ecological and human health purposes. 
  
 Although I have confidence in these findings, a number of questions remain. Future 
research should explore the following questions:   
1. What is the impact of varying levels of exposure to varying forms of GI? How do 
variations in the dose of nature (e.g., the density of GI), the frequency of exposure, or the 
duration of exposure impact people’s health, functioning, and well-being? 
2. How do people perceive and prefer different types of GI, especially GSI? Are there 
cultural differences in such perceptions?  
3. To what extent do newer forms of GSI produce the physiological, psychological, and 
behavioral benefits that trees and green spaces provide? 
4. With the exception of studies that focused on GSI, self-reported studies and qualitative 
studies were excluded this review. As a consequence, we may have missed some health 
benefits, such as mood and social cohesion, that can only be explored with self-reported 
results. What might be the evidence regarding the relationship between GI and especially 
GSI and these self-reported health outcomes? 
5. Most of the studies were completed in countries with predominantly western cultures. 
Although humans have similar physiological characteristics, culture surely impacts how 
our bodies and minds respond to GI. To what extent does culture impact human health 
responses to GI? 
 
Conclusion 
 This review examined a growing body of evidence demonstrating that exposure to GI is 
positively associated with human health. The GI categories examined include trees, green spaces, 
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rain gardens, bioswales, green roofs, and biodiverse plantings. Recent findings demonstrate that 
exposure to trees and easy access to green spaces is associated with a variety of health benefits. 
Although new evidence is emerging about the specific health benefits associated with GI, we 
know little about the health impacts that grow from exposure to newer types of GI, such as green 
roofs, rain gardens, and bioswales. There is considerable need for future research on the health 
impacts of these forms of GI. Given that recent studies have found that people generally prefer 
these forms of GI, it is reasonable to predict that exposure to green roofs, rain gardens, and 
bioswales has positive impacts on human health. This is an area ripe for future research. 
 As human population continues to increase toward eight, then nine, and perhaps ten 
billion people, there will be a growing need to design settlements that are rich with nature. The 
results of this review suggest we should be finding ways to ensure there is GI at every doorstep. 
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Chapter 3: 
Preferences for Green Stormwater Infrastructure 
 
In the previous chapter, we learned that although GSI is beneficial to the environment, 
little is known about how various types of GSI influence human health. In particular, we do not 
know how people perceive the various types GSI or what their preferences for these types might 
be. While we have some evidence that people prefer landscapes with a high density of trees and 
shrubs (Jiang et al., 2015), we know less about people’s preferences for newer types of GSI. GSI 
can take on a variety of forms and planting styles that we suspect are perceived differently from 
other forms of urban nature. GSI elements frequently include perennial plants that may be seen 
as messy, tall grasses, and native plantings rich in biodiversity. Without understanding how 
people perceive GSI or their preferences for the various types of GSI, planners and designers risk 
creating places that people dislike. When people dislike environments, they are less likely to find 
them restorative and to spend time in them (Korpela & Hartig, 1996).  
 It is also unclear whether designers’ preferences for GSI are similar to preferences of 
people with no design training. Landscape designers, engineers, and planners have been shown 
to have different preferences than laypeople for parks and other conventional types of landscape 
(Bonnes, Uzzell, Carrus, & Kelay, 2007). Because we trust these experts to implement GSI in 
urban environments, we need to understand the differences between their preferences and 
laypeople’s preferences. This lack of understanding might lead to GSI designs that designers 
love, but that are unappreciated by the public. 
 
Figure 3.1. The focus of Chapter 3 in relationship with this dissertation.  
.  
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 In this study, we investigate three questions: In what categories do people perceive GSI 
and to what extent do they prefer these categories? Is vegetation density a predictor of preference 
for GSI? To what extent do designers’ preferences differ from laypeople’s? We used a 
photographic questionnaire to gather data from laypeople and designers and factor analysis to 
categorize the GSI photographs based on the participant’s preference ratings. Then we compare 
designers and laypeople’s preferences scores for the different categories of GSI.   
 
Literature Review  
GSI and Preference 
 One clue about how GSI can affect people comes from work on landscape preference. 
Human preferences for landscapes are usually immediate and unconscious. Landscape 
preference is an automatic judgment about whether someone will thrive in an environment 
(Appleton, 1975; R. Kaplan & Kaplan, 1989; Zajonc, 1980). Preference of an environment may 
have implications for how mentally restorative the environment is (Korpela & Hartig, 1996; Van 
den Berg, Koole, & van der Wulp, 2003). When people are exposed to settings they prefer, they 
experience less stress (Van den Berg et al., 2003) which suggests that landscape preference 
provides us more information than that people simply like or dislike a place. Preference may be a 
way of understanding the extent to which a landscape might be restorative for humans.  
 Many studies have shown that preferred landscapes and restorative landscapes are 
similar. Evidence suggests that landscapes with trees and natural features are more preferred than 
other environments (Falk & Balling, 2009; Sullivan, 1994; Sullivan & Lovell, 2006; Todorova, 
Asakawa, & Aikoh, 2004), and these landscapes also support attention restoration (R. Kaplan & 
Kaplan, 2011; F. E. Kuo & Taylor, 2004; Li & Sullivan, 2016; Matsuoka, 2010; Ruth, Katinka 
Horgen, Debra, Gunn, & Grete, 2011; Tennessen & Cimprich, 1995) and speed stress recovery 
(Lottrup, Grahn, & Ulrika, 2013; C. Thompson, Ward et al., 2012; Tyrväinen et al., 2014; Ulrich, 
1999; Van den Berg, Mass, Verheij, & Groenewegen, 2010). Because similar kinds of 
landscapes are both highly preferred and elicit stress and attention recovery, researchers have 
explored the relationships between preference and other well-being indicators (R. Kaplan & 
Kaplan, 2011; Maulan, Shariff, Kamal, & Miller, 2006; Van den Berg et al., 2003). One set of 
studies explored the impact of tree cover density along neighborhood streets on recovery from 
stress and found that the density of tree cover predicted both preference and stress recovery 
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(Jiang, Chang, et al., 2014; Jiang et al., 2015; Jiang, Li, et al., 2014). These findings suggest that 
people prefer places that help them to recover from stressful experiences.  
 Understanding people’s preferences for GSI, therefore, can also lead us to infer which 
GSI elements might be most restorative and will promote human health and well-being. Because 
many GSI elements are relatively new, we have little information about people’s preference for 
them. We know people prefer urban settings with trees (Jiang et al., 2015), but know 
considerably less about preferences for other types of GSI such as rain gardens or bioswales. 
There is evidence that perennial elements in GSI might increase preference for a place if the 
plants appear well cared for (Helfand, Sik Park, Nassauer, & Kosek, 2006; Sullivan & Lovell, 
2006). One study showed that native plantings, which are frequently used in GSI, increase 
potential property values (Helfand et al., 2006). Another study showed that understory plantings, 
such as shorter flowers, can increase landscape preference (Todorova et al., 2004). Other 
evidence, however, suggests that messy looking plantings, found frequently in GSI, might be less 
preferred because of people’s fear of insects and creatures living within the plantings (Ulrich, 
1993). Messier nature can also lead people to infer that a landscape has received less care and 
that the environment is unsafe (Nassauer, 1995b). We need to know the extent to which people 
prefer different GSI elements so that designers can create preferred landscapes that manage 
stormwater while improving the health and wellbeing of citizens. 
 
Vegetation Density and Landscape Preference 
 The presence and density of trees in urban landscapes has positive impacts on human 
preference. As the density of vegetation increases in bioswales, rain gardens, or on green roofs, 
does preference also increase? No studies, to our knowledge, have addressed this question. But 
there are some hints in the literature. Two studies showed that a diversity of trees, shrubs, and 
flowers were preferred over just trees (Sullivan & Lovell, 2006; Todorova et al., 2004). But 
when the density of plants restricts or blocks views in urban landscapes, or when the planting is 
seen as harboring creatures such as snakes or spiders, preference is likely to decrease (Kaplan & 
Kaplan, 1989; Kaplan, Kaplan, & Ryan, 1998). Does the density of vegetation other than trees in 
GSI predict preference? Is there an interaction between tree density and the density of other 
forms of GSI vegetation? In this study, we address these questions. Answers to these questions 
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will aid designers and planners who seek to create landscapes that promote both environmental 
and human health.  
 
Preferences of Designers and Laypeople  
 To make sure people reap the health benefits of urban nature, designers and planners 
must find ways to implement GSI that people prefer. Often, designers rely on their own 
preferences of landscapes rather than taking the time to understand the preferences of the people 
they serve. This is not a problem when their preferences are aligned. But are they? Studies have 
shown that landscape preference changes with expertise. In a study that examined how people 
categorize green spaces based on preference, residents preferred a more formal arrangement, 
while the designers looked for biodiversity and lushness of vegetation (Hofmann et al., 2012). 
Experts’ ratings of the quality of the landscape are not always accurate predictors of residents’ 
satisfaction (Bonnes et al., 2007). Moreover, the characteristics of neighborhoods assessed by 
experts did not align with what residents said  provide the most satisfaction (Bonaiuto, Aiello, 
Perugini, Bonnes, & Ercolani, 1999). These studies have not explored GSI, so we do not know 
the extent to which laypeople and designers prefer GSI elements differently. This creates some 
concern that designers may design GSI that laypeople will find insufficiently restorative. 
  
Vegetation Density and Eye-Level Photography 
 To explore the relationship between vegetation density and human reactions, it is 
important to first understand how researchers measure vegetation density from photographs. 
Eye-level photography has been used many times over the years to assess tree density. For 
example, in one study, researchers estimated tree density levels from eye-level photography and 
aerial photography to explore the relationship between tree cover density and reports of crime (F. 
E. Kuo & Sullivan, 2001b). While tree density has been used to assess many relationships 
between nature and human health (Mitchell & Popham, 2008; Roe et al., 2013; C. W. Thompson 
et al., 2012), most recent studies use satellite imagery processing such as Normalized Difference 
Vegetation Index (NDVI) to calculate or estimate tree density (Jiang, Deal, et al., 2017; Ogden, 
Carroll, Kit, & Flegal, 2012; Wu et al., 2014b). Calculating tree density from satellite images is 
relatively easy and inexpensive. Researchers may assume that tree density calculated or 
estimated from satellite images is an accurate representation of what people experience at eye-
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level. However, a recent study showed that vegetation density from satellite imagery might not 
be as accurate a representation of what people experience as vegetation density measured from 
eye-level photographs (Jiang, Deal, et al., 2017). The process of extracting vegetation density 
from eye-level photography, however, takes considerable effort and might not be efficient in 
larger studies exploring the relationship between landscape and human well-being. In addition, 
tree density measurements from aerial or eye-level photographs are seldom at a fine scale (Jiang, 
Chang, et al., 2014; Li, 2016). This study describes a method for more efficiently extracting 
vegetation density data from eye-level photographs.  
 We must understand the preference of GSI from both laypeople’s and designers’ 
perspectives. While GSI elements, such as rain gardens, bioswales, and green roofs, are good for 
the environment, we do not know people’s preference for these elements. Understanding 
preference will help designers create urban environments that improve ecosystem health and 
human wellbeing. To fill this knowledge gap, we conducted a study in which designers and 
laypeople rated their preference for photographs of various types of GSI. We used factor analysis 
to group photographs with similar preference scores and then create categories based on the 
characteristics that were common in each group. Next, we examined which categories are more 
preferred, the extent to which vegetation density influences preference, and how designers’ and 
laypeople’s preferences for GSI differ.  
 
Methods 
Photographs 
To explore people’s preference for GSI, we collected photographs of GSI from seven 
cities in the US: Seattle, WA; Portland, OR; Indianapolis, IN; Chicago, IL; Champaign, IL; 
Washington, DC; and Baltimore, MD. These cities were selected because they spanned a large 
and diverse geographic area and had climatic conditions that produced a good deal of annual 
rainfall. These cities, especially Indianapolis, Seattle, and Portland, are among the country’s 
leaders in implementing GSI. Identifying sites to photograph in each city was a challenge. Some 
cities have websites that contain locations of GSI on maps. In other cities, we obtained the 
location of GSI by contacting representatives, volunteers, and organizations from each city. The 
locations ranged from high income to low income neighborhoods and include residential, 
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community, and commercial establishments. We selected GSI sites with varying levels of 
maintenance. 
We collected the majority of photographs from May 25th to Aug 11th, 2014 and May 22nd 
to Jun 15th, 2015. To ensure that the lighting for each of the photographs was similar, the 
photographs were taken on sunny to partly sunny days from 10 am-3.30 pm (Jiang, 2014). The 
photographs were taken from approximately 5’ height holding the camera relatively level to the 
ground. We took photographs of different GSI including rain gardens, bioswales, green roofs, 
retention ponds, and urban forests. We also used a small number of photographs of GSI that were 
contributed by local organizations. Finally, we took photographs of landscapes without GSI to be 
used as a control group. Our database contains more than 8,000 photographs. From this database, 
we selected photographs for inclusion in this study. We removed images that contained dramatic 
geographical features, flashy cars, and images where people represented more than 5% of the 
total pixels in the image. The examples of the images are shown in Figure 3.2.  
 
 
Figure 3.2. Sample GSI photographs. 
 
Photo questionnaire 
Photo questionnaires are often used to assess landscape preference (Ryan, 1998; Steen 
Jacobsen, 2007; Sullivan, 1994; Tveit, 2009). Such questionnaires  can  assess people’s 
preference for landscapes they have never been to (Wherrett, 2000). Online photo questionnaires 
are increasingly popular because they can reach a large number of participants in a short time. It 
is easy for the participants to respond, and it costs little compared to other methods of acquiring 
participants (Roth, 2006).  
 For the questionnaire, we selected 55 images from our GSI database. We included images 
in six functional categories: rain gardens, bioswales, urban forest, green roofs, retention ponds, 
and barren (the barren category contained no GSI, but did include some scenes with lawns). We 
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selected messy and neat landscapes in each category. Each category contained ten photographs 
except for the retention pond category, which contained five (we were unable to find many 
retention ponds that were distinctively different). We selected an equal number of images from 
each of the seven cities, and chose photographs taken from similar perspectives (e.g., the 
sidewalk entry). Eighty initial photographs were selected and reviewed by the authors. After 
removing photographs that appeared too similar, we narrowed the number of photographs to 55. 
The criteria for including photographs in each category is explained below. 
 The rain garden category included GSI that cities indicated were rain gardens and bio-
retentions. Since the term bio-retention includes both rain gardens and bioswales, the bio-
retentions included in this category had defined edges like a rain garden and could functionally 
retain water. Both neat and messy rain gardens were included (Figure 3.3).  
  
Figure 3.3. Rain garden category examples from Portland, OR (left) and Washington, DC (right). 
 
The bioswale category includes GSI that cities recorded as bioswales and bio-retentions. 
Bio-retentions included in this category were long strips and functioned mainly to convey water 
rather than retain it. These bioswales were long connective stretches and were usually connected 
to some kind of drainage system that included stormwater pipes. We included both neat and 
messy bioswales (Figure 3.4).  
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Figure 3.4. Bioswale category examples from Chicago, IL (left) and Baltimore, MD (right). 
 
The urban forest category includes any area with healthy and mature tree canopy. While 
urban forests usually contain lawn as groundcover, the urban forests with understory plantings 
have been studied very little. In this category, we included two subgroups: urban forests with 
lawns and urban forests with understory plants other than turf (Figure 3.5).  
  
Figure 3.5. Urban forest category examples from Washington, DC (left) and Chicago, IL (right). 
 
 The green roof category includes rooftop gardens and vegetated roofs. We included two 
subgroups: intensive green roofs (containing plants with deeper roots) and extensive green roofs 
(containing groundcover) (Figure 3.6). 
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Figure 3.6. Green roof category examples from Indianapolis, IN (left) and Chicago, IL (right). 
 
The retention ponds group includes conventional urban retention ponds that appear 
mostly in urban areas. We could not find a set of examples of retention ponds in a messy state 
and thus included five images of ponds which were highly maintained (Figure 3.7).  
  
Figure 3.7. Retention pond category examples from Champaign, IL. 
 
Barren landscapes were included in this study as a control. This group included urban 
and suburban landscapes that may have lawns but have no trees or other GSI present. There are 
two subgroups in this category: barren landscapes from low-income areas and barren landscapes 
from high-income areas, which usually include well-mowed lawns (Figure 3.8).   
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Figure 3.8. Barren category examples: high- income barren landscape from Champaign, IL (left) 
and low- income barren landscape Baltimore, MD (right). 
 
We asked each participant their age, gender, and whether they were teaching, learning, or 
practicing in a civic design profession (such as civil engineering, urban planning, landscape 
architecture, or architecture.) Then we presented the participants with the images. The 
participants were shown only one image at a time. The first three images were predicted to have 
low, high, and medium preference scores respectively so people would understand the range of 
images to come. After these first three images, the remaining images were shown in random 
order. We presented each picture with the question, “How much do you like this landscape?” 
Participants answered using a Likert-scale, with options ranging from “not at all” (0) to “very 
much” (4). These scores were then used for factor analysis to categorize the images. 
We distributed the surveys in two ways. To recruit laypeople, we contracted with 
Amazon Turk to host our questionnaire, recruit participants, pay the participants, and record the 
survey data. Amazon Turk is a crowdsourcing service that has two parts: one for researchers who 
want their surveys completed, and one for participants who want to answer surveys for monetary 
compensation. Because the Amazon Turk network extends all over the world, it is easy for both 
researchers and participants to interact without exchanging identification. The process is safe and 
reliable. Participants must be at least 18 years old to create an account. This crowdsourcing 
process has become a new way to assess large amount of data in a brief period of time. It has 
been utilized in projects such as big data analysis, machine learning, social science research, and 
creating design strategy (Rivera et al., 2013).   
To recruit design professionals, we sent emails to universities known to have landscape 
architecture programs and to the American Society of Landscape Architecture inviting people to 
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take a short visual survey focused on green infrastructure. In total, 631 people completed the 
questionnaire. 117 participants identified themselves as designers, and 497 participants as 
laypeople. 
  
Vegetation Density 
 After selecting the photographs, we used Browndog’s Green Index Model to identify the 
vegetation density of each image. Browndog’s Green Index Model is part of a National Science 
Foundation (NSF) funded effort. The Browndog project is creating a free cloud service that 
performs data manipulation such as format change, graphic assessment, or text mining (Padhy et 
al., 2015). Browndog’s Green Index Model uses machine learning to identify pixels in images 
that represent vegetation. This process is similar to the one used in the Normalized Difference 
Vegetation Index (NDVI), but is used to identify vegetation in eye-level photography instead of 
satellite images. Each photograph was assessed by Browndog’s Green Index software which 
resulted in a number, expressed as a percent (from 0 to 100), identifying how much of the image 
was vegetation. We did not select photographs based on a range of vegetation densities because 
the photographs were selected based on the types. The barren group has a narrow range of 
vegetation density because it has little to no vegetation. The mean level of vegetation for all 
images was 33.6% and the range was from 0.4% to 67.4%.    
 
Statistical Analysis 
We performed Factor Analysis to identify categories of GSI that grew from the 
participants’ preference ratings. This procedure has been used in well over one-hundred studies 
(c.f. Kaplan & Kaplan, 1989). Factor Analysis examines the co-variation among the preference 
ratings and produces measures of how well each image fits within some number of categories.  
Following the typical procedure, we included four requirements for an item to be 
included in a category (Sullivan, 1994).  
1. An image must have a factor loading of at least ±0.50 
2. Categories must have eigenvalues of 1.00 or greater. (An eigenvalue is the amount of 
variance explained by each category.) 
3. Images with a factor loading greater than ±0.50 in two or more categories are excluded 
from all categories. 
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4. To be designated into a category, at least three images must have a factor loading of at 
least ±0.50 
   
Results 
In this section, we reported on four sets of findings. First, we discuss the validity of a new 
research tool: Browndog’s Green Index. Then we answer the research questions by examining 
what categories emerge from the factor analysis, the extent to which vegetation density predicts 
preference, and the extent to which demographics, including expertise levels, gender, and 
geographical background are related to types and of GSI and preference for GSI. 
The mean preference value for all images is 1.7 on a 5-point scale. Means of specific 
images ranged from 0.3 to 2.9. This suggests that the preference scores are well distributed from 
highly disliked (0) to liked (3), but none of the landscapes are highly preferred (4). 
 
To what extent does Browndog’s Green Index accurately represent vegetation density?  
 First, we examine the validity of Browndog’s Green Index tool. To what extent does 
Browndog’s Green Index accurately identify the vegetation density shown in landscape 
photographs? That is, does the green density measure we get from BrownDog match the green 
density we get from calculating the density by hand? If the regression shows a linear relationship 
with coefficient values close to one with a high adjusted R2, we will conclude that the two sets of 
findings do match.  
 We found that the green densities calculated from these two methods are highly similar—
almost to the point of being interchangeable. Ordinary Linear Regression shows that these two 
have a linear relationship, with a coefficient value of 0.95 (p-value <0.005, Adj R2 = 90.7%). 
The equation is shown below. 
GI = 0.95VI-1  
 In this equation, GI is the Browndog Green Infrastructure density measurement, and VI is 
the vegetation index from the Photoshop Histogram Tool. The adjusted R2 shows a strong 
relationship between the two measurements. With this evidence, we conclude that Browndog 
Green Index predicts vegetation density in panoramic photographs. The relationship graph is 
shown in figure 3.9 below. 
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Figure 3.9. The linear relationship between two vegetation indices. 
 
What categories emerge from the factor analysis?  
To understand people’s preference for different kinds of GSI, we used factor analysis 
from all the preference scores (both laypeople and experts) to classify the landscapes into 
different categories. Seven categories emerged.  
1) No GSI: This category, which includes eight images, earned the lowest mean 
preference rating of 0.7 (SD=0.94), indicating that people had very low preference for 
the scenes in this category. The No GSI category includes landscapes with little to no 
vegetation. Most of the images in this category are street scenes with tall buildings. 
The conditions and cleanliness of the streets and sidewalks differ within the category 
(Figure 3.10).  
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Figure 3.10. Example images from the No GSI category.  
 
2) Messy Bio-retention: This category, which includes eight images, earned a preference 
rating of 1.5 (SD=1.01), indicating higher preference than the No GSI category, but 
one that fell midway between “a little” and “somewhat” preferred. Images in this 
category include a combination of rain gardens and bioswales that appear messy with 
untrimmed plants, high biodiversity, and soft edges (Figure 3.11). 
  
Figure 3.11. Example images from the Messy Bio-retention category.  
 
3) Lawns: With an average preference score of 1.6 (SD=1.06), this category has a 
slightly higher preference score than the messy bio-retention category. The six images 
in this category consist of scenes of suburban development with green lawns but no 
trees, and retention ponds surrounded by mowed grass (Figure 3.12). 
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Figure 3.12. Example images from Lawns category.  
 
4) Green Roofs: This category, which includes seven images, earned a preference score 
of 1.8 (SD=1.00), meaning that these images were more preferred than the lawns and 
retention ponds, but fell short of an overall rating of “somewhat” preferred. This 
category includes images of green roofs, usually with a flat rooftop overlooking a 
skyline (Figure 3.13). 
  
Figure 3.13. Example images from Green roofs category.  
 
5) Neat Bio-Retention: This category, which includes four images, earned a preference 
score of 2.1 (SD=0.92), a rating that fell just above “somewhat” preferred. This 
category consists of neatly delineated rain gardens and bioswales, with trimmed lines 
and neat planting designs (Figure 3.14).  
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Figure 3.14. Example images from the Neat Bio-retention category.  
 
6) Urban Forests: This category, which includes six images, earned an average 
preference score of 2.3 (SD=0.97), higher than the neat bio-retention category, and 
falling further along the preference continuum between “somewhat” and “a lot.” It 
consists of mature street trees and canopies. In most of the images, the trees are 
healthy and dense enough that the photographs show little to no sky (Figure 3.15).  
  
Figure 3.15. Example images from the Urban Forests category. 
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7) Masses of flowers: This category, which includes three images, earned a preference 
score of 2.6 (SD=0.99) and is the most preferred of all the categories. Images in this 
category show landscapes with masses of flowers. Some are residential landscapes 
and some are from green roofs (Figure 3.16).  
  
Figure 3.16. Example images from the Masses of Flowers category.  
  
 Next, we explored the extent to which the preference ratings of each category differ from 
one another. To answer this question, we conducted an ANOVA and Tukey’s Post Hoc tests.  
Results show that each of the categories earned preference ratings that are significantly different 
from all the other categories. Figure 3.17 displays the preference scores for each category, and 
Table 3.2 includes the ANOVA and Tukey’s Post Hoc test results.  
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Figure 3.17. Mean preference for each category. The whisker represents standard errors of the 
mean.  
 
Does vegetation density predict preference?    
 In this section, we investigate whether vegetation density predicts people’s preference for 
GSI. In particular, we examine whether the categories of landscapes with higher vegetation 
density generally receive higher preference ratings. First, we looked at the extent that the means 
of vegetation density differ between categories. We found that No GSI was the only category 
with significantly different vegetation density from the other categories, and that its vegetation 
density was the lowest (2.7%). The category with the highest vegetation density was Neat Bio-
retention (53.3%). The order of the vegetation density rankings did not correspond to the order of 
the preference rankings for each category. Table 3.2 displays the statistics, ANOVA, and 
Tukey’s Post Hoc test results between each set of categories.  
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Table 3.1: Means, standard deviations, and differences in preference among the seven GSI 
categories. 
Category Preference mean+ SD Vegetation 
Density mean+ 
SD 
No GSI 0.7a 0.94 2.7a 3.06 
Messy Bio-retention 1.5b 1.01 45.2b 9.12 
Lawn 1.6c 1.06 32.4b 13.22 
Roof 1.8d 1.00 27.1b 9.58 
Neat Bio-retention 2.1e 0.92 53.3b 3.74 
Trees 2.1f 0.97 46.2b 5.10 
Flowers 2.6g 0.99 32.2b 8.86 
+ Means followed by the same letter are not significantly different at the p=.05 level based on 
Tukey’s Post Hoc Test 
  
 In terms of the relationship between vegetation and preference, we expected to find that 
generally, the images with higher vegetation density would earn higher preference ratings. At 
first, we found that vegetation density and preference were significantly correlated, r(40) = 0.72, 
p < 0.001. However, after closer inspection, we found that the images from No GSI category had 
much lower vegetation density compared to the other categories. The second analysis, which 
omitted the No GSI category, found no correlation between vegetation density and preference, 
r(32) = 0.25, p > 0.05. This suggests that while the vegetation density of GSI might have some 
influence on landscape preference, once the vegetation density reaches a minimum level, it has 
little impact on landscape preference of GSI (Figure 3.18).  
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Figure 3.18. Preference of each category (blue-left y-axis) in comparison to Vegetation density 
of each category (green- right y-axis). 
  
Do designers and laypeople have different preferences? 
To what extent were preferences for GSI and each category of GSI similar or different 
between designers and laypeople? To answer this question, we conducted independent t-tests 
examining differences between the two groups for each GSI category. Overall, as can be seen in 
Table 3.3, we found preferences for landscapes are similar between designers and laypeople. 
Independent t-tests show small but significant differences between designers and laypeople in 
four categories: Messy Bio-retentions, Lawns, Green Roofs, and Neat Bio-retention. The 
differences in preference were strongest for the Lawns category (which included stretches of 
lawn and retention ponds surrounded by lawn), and the effect size is considered moderate. This 
suggests that designers have a stronger dislike for images consisting of bare lawns and retention 
ponds, and they have a slightly greater preference for newer forms of GSI, such as green roofs 
and bio-retentions that are either neat or messy, than laypeople. For all other categories, the 
differences have small effect sizes, suggesting that preferences for these landscapes are generally 
similar – a point reinforced by Figure 3.19.  
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Figure 3.19. Comparison between Designers’ and Laypeople’s Preferences. 
 
Table 3.2. Means, standard deviations, and differences among the seven GSI categories. 
 
Category 
Designers Non-Designers  
Mean+ SD Mean+ SD t-statistic p-value 
Overall 1.7 1.24 1.7 1.27 -0.25 0.788 
No GSI 0.7a 0.95 0.7a 0.94 -0.16 0.873 
Messy Bio-
retention 
1.6b 1.09 1.5b 1.01 -5.91 0.000 
Lawn 1.1c 1.08 1.6c 1.06 13.35 0.000 
Roof 2.0d 1.05 1.8d 1.00 -5.34 0.000 
Neat Bio-retention 2.3e 0.98 2.1e 0.92 -2.77 0.009 
Trees 2.2f 1.03 2.1f 0.97 1.22 0.247 
Flowers 2.5g 1.01 2.6g 0.99 1.38 0.160 
+ Means followed by the same letter are not significantly different at the p=.05 level based on 
Tukey’s Post Hoc Test. 
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To what extents do people with different genders and geographical backgrounds differ in 
preferences? 
 We also investigated differences in preference scores based on geography and gender. 
Given that the images in the questionnaire all came from U.S. cities, we wanted to know if 
people from outside the U.S. would prefer certain GSI more or less than residents of the U.S.  
 326 participants identified as male, 280 identified as female, 3 participants identified as 
transgender, and 22 skipped this question. For every category except flowers, men reported a 
greater preference for the landscapes. While the results show that males and females have 
different preferences for GSI landscapes, the Cohen’s D value is small (0.07). The T-test 
reported significant differences in landscapes with no GSI (p<0.001; Cohen D’s = 0.2), messy 
bioretentions (p<0.001; Cohen D’s = 0.1), lawns and ponds (p<0.001; Cohen D’s = 0.1), and 
green roofs (p<0.001; Cohen D’s = 0.2). The Cohen’s D values small. Figure 3.20 shows the 
comparison between men and women’s preference, and Table 3.4 displays the Cohen D’s values.   
  
 
Figure 3.20. Comparison between Men’s and Women’s Preferences. 
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Table 3.3. Cohen’s D values for Male and Female Participants. 
Name Mean 
Female 
Mean 
Male 
Cohen’s d 
NoGSI* 0.52 0.77 0.2 
MessyBio* 1.29 1.39 0.1 
LawnPond* 1.34 1.54 0.1 
Greenroof* 1.54 1.80 0.2 
NeatBio* 1.46 1.60 0.0 
Canopy 2.12 2.14 0.0 
Flowers 2.48 2.28 0.1 
 
  589 participants were from the US, 39 were from outside the US, and 3 did not identify 
their location. In all cases, people from outside of the US preferred these landscapes slightly 
more than people inside the US. While the results show that people from inside and outside of 
the US have different preferences in landscapes, the Cohen’s D value is small (0.05). The T-test 
reported significant differences in landscapes with no GSI (p<0.001; Cohen D’s = 0.1), messy 
bioretentions (p<0.001; Cohen D’s = 0.1), lawns and ponds (p<0.001; Cohen D’s = 0.1), green 
roofs (p<0.001; Cohen D’s = 0), and tree canopy (p<0.001; Cohen D’s = 0). These Cohen D’s 
values are considered small. Figure 3.21 shows the comparison between preference scores of 
participants from inside and outside of the US, and Table 3.5 displays the Cohen D’s values.   
54 
 
 
Figure 3.21. Comparison between Participant’s Preferences from Inside and Outside of the U.S. 
 
Table 3.4. Cohen’s D values for participants from inside and outside of the U.S. 
Name Mean 
Non-
US 
Mean US Cohen’s d 
NoGSI* 0.84 0.65 0.1 
MessyBio* 1.75 1.32   0.1  
 LawnPond* 1.85 1.43  0.1 
Greenroof* 1.89 1.67 0.0 
NeatBio 2.15 1.99 0.0 
Canopy* 2.29 2.13 0.0 
Flowers 2.52 2.43 0.0 
 
 
Discussion 
 In this study, we examine preferences of various types of GSI found in cities in North 
America today. We presented a range of images, used factor analysis to categorize them based 
on preference ratings, and compared the preference ratings between categories. The categories, 
from least to most preferred, are as follows: No GSI, Messy Bio-retention, Lawn and Retention 
Ponds, Green Roofs, Neat Bio-retention, Trees, and Flowers. These results suggest that neatness 
plays a significant role in preference of GSI, and that GSI that are more familiar (trees and 
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flowers) are more preferred. We also found that vegetation density was not a significant 
predictor of GSI preference, though the scenes with vegetation were significantly more preferred 
than the barren scenes. Designers and laypeople’s preferences were similar overall, but designers 
had a stronger dislike for bare lawns and retention ponds, and a slightly greater preference for 
newer forms of GSI.  
 
Contributions 
The findings here demonstrate that any GSI element is more preferred than barren urban 
landscapes.  This result is consistent with previous work showing that settings with natural 
elements such as trees and flowers are more preferred than barren landscapes (R. Kaplan, 
Kaplan, & Ryan, 1998; Sullivan & Lovell, 2006; Todorova et al., 2004). The images containing 
neat bio-retention, an urban forest, and masses of flowers earned preference ratings higher than 
2.0, the mid-point in the rating scale (0-4). The images containing no GSI, messy bio-retention, 
lawns, and green roofs had preference ratings less than 2.  
The GSI elements that were most preferred were also the elements that were most 
familiar to people—dense tree canopy and landscapes with masses of flowers. This finding 
supports previous studies showing the relationship between familiarity and preference in 
landscape (Dearden, 1984). The difference in values between messy bio-retention and neat bio-
retention agree with previous studies showing the importance of neatness in preference 
(Nassauer, 1995a, 1995b). 
 The presence of vegetation matters in people’s preference for GSI; any vegetation is 
significantly more preferred than a barren landscape. This result agrees with previous research 
showing that in similar settings, the presence of vegetation greatly improves preference (Sullivan 
& Lovell, 2006). However, we did not find that the density of vegetation was associated with 
preference once the scenes with no vegetation were removed from analysis. This result 
challenges previous studies showing that when vegetation density increases, preference increases 
(Jiang, Larsen, Deal, & Sullivan, 2015). We suggest that as more trees and plants are present, 
other factors such as neatness and arrangement are likely more influential than the density of the 
vegetation. More research is needed to explore the relationship between density and arrangement 
on landscape preference.  
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 Designers had a higher preference than laypeople for newer GSI elements, such as green 
roofs and messy or neat bio-retentions. Designers also disliked conventional landscapes, such as 
lawns and retention ponds, more than laypeople. These results support previous studies that show 
designers’ positive views of more natural landscapes (Bonnes et al., 2007; Goličnik & 
Thompson, 2010). Both studies show that designers and landscape experts tend to prefer 
landscapes with lusher nature elements than laypeople. They also are more likely to embrace 
sustainable-oriented designs.  
 
Implications  
 Based on our results, we make the following design recommendations. Designers should: 
1. Use GSI with confidence. They can be assured that any kind of GSI will be more 
preferred than a barren landscape.  
2. Favor designs with trees, flowers, and neat bio-retentions because these categories 
received the highest preference ratings.  
3. Consider planting designs so that the GSI has native and adapted flowers blooming year 
round. This design strategy does not only increase preference, but also helps pollinators, 
which are important to the ecosystem.   
4. Pay close attention to the messiness of GSI elements because messy bio-retentions were 
significantly less preferred than neat bio-retentions.  
5. Add familiar elements such as trees and flowers to newer kinds of GSI, such as rain 
gardens, bio-retentions, and green roofs, to increase the preference of a landscape. 
6. Add trees, flowers, and native plants to lawns and retention ponds to increase preference 
for those spaces.  
7. Consider laypeople’s preferences when designing landscapes because they are the ones 
who interact with the landscapes most, and because laypeople and designers’ preferences 
are significantly different in several key areas.   
 
Future Research Opportunities 
 Some questions remain unanswered in this preliminary study. Although we worked to 
isolate specific GSI elements and control for confounding variables, some factors may have 
influenced the results. For example, images of tree-lined streets in this study were mostly taken 
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from residential neighborhoods. It is important to replicate the findings here in a variety of 
settings. Another issue to examine concerns the seasonal impact of GSI on preference. All 
photographs used in this study were taken during the summer; to what extent do preferences for 
GSI change with seasons?  
Participants in this study came from different geographies and cultures, and some may 
have been more or less familiar with the kinds of landscapes presented here, which may also 
have impacted the results. In addition, the GSI pictured came from seven U.S. cities, and it’s 
unclear how GSI from other countries or geographies differs. Thus, future work might examine 
images of GSI in Asia, South America, Africa, and Australia in order to enhance our 
understanding.  
Another research opportunity concerns how expertise and education might influence 
preference of GSI. In this study, we found that designers have stronger preferences than 
laypeople for newer types of GSI that yield greater stormwater management benefits. Still, we do 
not know extent to which education and knowledge about GSI influence or interact with 
preference. Are signs around rain gardens enough to make people more inclined to prefer rain 
gardens with native, messy plants? Or is more education, such as a workshop, college class, or 
natural resources degree, necessary? How does the level of knowledge about GSI impact 
preference? Future researchers should consider this question so that planners and educators can 
work together to help people reap the full benefits of GSI.   
This study did not consider how elements of GSI work together. Often, for instance, tree 
canopy is combined with understory plants and flowers in a bioswale. To what extent does a 
combination of GSI elements impact preference? We speculate that such combinations will 
generally result in higher preference.  
Finally, we need research examining the impact of GSI on human health and wellbeing 
(Sullivan, Frumkin, Jackson, & Chang, 2014). Preferred landscapes have been shown to promote 
people’s health and well-being (R. Kaplan & Kaplan, 2011; Maulan et al., 2006; Van den Berg et 
al., 2003). But no research has examined how newer forms of GSI impact people’s stress, mood, 
or attention levels. To what extent does having regular contact with bioswales, rain gardens or 
green roofs impact our recovery from mental fatigue or stress? To what extent does contact with 
GSI impact mood, strengthen neighborhood social ties, reduce crime, or promote the birth of 
healthy babies? These pressing questions require our attention.  
58 
 
 
Conclusion 
This study expands our knowledge of landscape preference to the emerging field of green 
stormwater infrastructure. We found that any form of GSI is preferred over a barren urban 
landscape and that GSI including trees and flowers were most preferred. This knowledge is 
important because green stormwater infrastructure is an important tool that planners and 
landscape architects use to generate multiple benefits – reduce flooding, reduce the urban heat 
island effect, and as we found here, increase people’s preference for otherwise barren urban 
landscapes. Designers and planners can use these results to create preferred landscapes that 
manage stormwater while promoting the wellbeing of the people they serve. 
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Chapter 4: 
To What Extent Do Different Types of Vegetation Density Predict Preference for Green 
Infrastructure? 
  
In the previous chapter, we have learned the extent to which people prefer different types 
of GSI, but the relationship between the density of vegetation in GSI and preference is still 
unclear. To explore this relationship, we investigated four questions: to what extent does overall 
vegetation density predict preference? To what extent does the density of understory vegetation 
(e.g., turf grass, shrubs) predict preference? To what extent does the density of the vegetation 
commonly found in bioretentions (the term that refers to both rain gardens and bioswales) predict 
human preference? Does the type of green infrastructure influence the relationship between 
preference and vegetation density? In this chapter, we statistically analyzed data from three 
preference questionnaires to answer these questions. 
  
Different Types of Vegetation Density and Preference 
 While we have a basic understanding about the extent to which some types of vegetation 
are preferred, we know less about the nature of the relationship between vegetation density and 
preference. Most landscape studies are binary or categorical. They compare people’s preference 
between natural and urban environments, different types of parks, or landscapes with plants and 
those without (Junker & Buchecker, 2008; Simonič, 2003; Todorova et al., 2004; Van den Berg 
et al., 2003; White & Gatersleben, 2011). While that information provides a helpful foundation 
of how landscapes can impact preference, it is less helpful in understanding how much 
vegetation designers and planners should provide. 
 To the authors’ knowledge, there is no study that links overall vegetation density with 
landscape preference. One study, however, links tree cover density with preference. The 
relationship can best be described as a power curve, suggesting that preference increases 
dramatically when tree cover is added to low-density or barren landscapes and increases less 
dramatically as tree cover density goes from medium to high density (Jiang et al., 2015). This 
study does not consider other types of vegetation, however. To what extent does overall 
vegetation density impact preference? To what extent do the density levels of other vegetation 
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types, such as shrubs, trees, grasses, sedges, flowers, or newer types of green infrastructure 
plantings impact preference?  
 While there are studies indicating that people do prefer landscapes with eco-friendly 
vegetation (Junker & Buchecker, 2008; Tyrväinen, Silvennoinen, & Kolehmainen, 2003), we do 
not know their preference for varying levels of vegetation in these landscapes. Jiang et al. (2015) 
suggests that there are three possible curves that may explain the relationship between vegetation 
density and preference. It is possible that the relationship is linear, which means that as the 
vegetation density increases, preference increases at a consistent rate. It also is possible that the 
relationship is a power curve—meaning that when vegetation density is low, an increase in 
vegetation density will lead to a dramatic increase in preference, but the slope of the increase in 
preference becomes flatter as the vegetation density approach medium and high levels. Finally, it 
is possible that the relationship between vegetation density and preference is quadratic, meaning 
that preference increases as the vegetation density increases when vegetation density is low or 
medium but preference decreases when density becomes high. Figure 4.1 displays possible 
shapes for the curves of vegetation density and preference.  
 The nature of the relationship between vegetation density and preference can lead to 
different ways in which planners and designers can implement green infrastructure effectively. 
Thus, we need to answer whether the density of overall vegetation, understory vegetation, and 
eco-friendly vegetation such as one in the newer types of green infrastructure predict preference.  
 In this study, we explore these questions. Our answers will help planners and designers 
make design decisions that promote both ecosystem and human health.  
 
 
Figure 4.1. Possible shapes of the curves. 
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 Aside from what we do not know about each type of vegetation density, we also do not 
know how different types of vegetation interact with each other to predict preference. In a real 
environment, green infrastructure often includes a combination of trees, understory (such as 
shrubs and grasses), and other native plants. Thus, to truly understand landscape preference, 
designers and planners must understand how each categories of vegetation work together to 
impact preference. Unfortunately, little information is offered in this area of interest. Do trees 
and understory vegetation density interact positively, making the sum greater than the parts? Do 
they work against each other? Without this knowledge, we risk designing trees and understory 
vegetation separately or in combinations that people do not prefer. To our knowledge, no study 
has explored the interaction of different planting types on preference. Some research suggests 
that conventional understory elements might significantly increase preference in urban-rural 
fringe and urban landscapes (Sullivan & Lovell, 2006; Todorova et al., 2004). These studies, 
however, focused only on conventional planting, and were only done in categories. More 
research is required for a deeper understanding on the interaction between various types of 
vegetation density. 
 Because of these inquiries, we explore questions about vegetation density and preference 
in this chapter. Figure 4.2 shows the focus of this chapter in relationship to the other parts of the 
dissertation. 
 
Figure 4.2. The focus of Chapter 4 in relationship with this dissertation.  
 
Research Questions 
Overall Density: To what extent does overall vegetation density predict human preference? 
Understory density:  To what extent does the density of understory vegetation (e.g., turf grass, 
shrubs) predict human preference? 
Bioretention: To what extent does the density of bioretentions predict human preference? 
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Interaction: Is there an interaction between types of vegetation (e.g., trees, understory plants), 
vegetation density, and preference? 
 
Methods 
Preference Questionnaires 
 In this study, we used 152 photographs from three different studies: Dose of Nature 
(Jiang et al., 2015), GI Preliminary (Suppakittpaisarn & Sullivan, 2015), and GI Preference 
(Suppakittpaisarn, Larsen, & Sullivan, 2016). The GI Preference Study uses the same dataset we 
used in Chapter 3. Each project had slightly different objectives, but they all included preference 
scores of landscape photographs from a large number of participants. The vegetation indices 
from the studies’ photographs and the average preference scores of the photographs were 
analyzed in this study. In this section, we discuss how each study collected the photographs, 
recruited the participants, and acquired the preference information. 
 
Photographs 
 The studies’ photographs were collected during the summers of 2010, 2014, and 2015. 
All photographs in the studies were taken on sunny to partly sunny days from 10 am to 3:30 pm 
to avoid large differences in lighting. They were taken from approximately 5 feet above the 
ground from streets or sidewalks. In the Dose of Nature study, 50 panoramic images were taken 
from a 3D video camera of neighborhood landscapes across five Midwestern cities. The 
photographs are still compositions from the videos. All photographs consist of suburban-like 
residential areas with varying densities of tree canopy. The other vegetative elements were 
limited to minimal shrubbery and green lawns. Figure 4.3 shows examples of the images from 
this study. 
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Figure 4.3. Examples of images that vary in the density of vegetation. (Images from Dose of 
Nature Study). 
  
 In the GI Preliminary and the GI Preference studies, we took photographs from a 
photographic database that we collected that included over 8,000 images from seven U.S. cities 
in three geographical regions. The GI Preliminary study contained 48 photographs of street trees, 
bioretentions, and empty streets. The GI Preference study included 55 images similar to the GI 
Preliminary study but also includes green roofs, lawns, and retention ponds, with the 
subcategories of ‘neat’ and ‘messy’. The GI Preliminary and GI Preference studies share eight 
images in common.  
To answer the Density question, all 152 the images were included. To answer the 
Understory Density question, we included 103 images from the GI Preliminary and GI 
Preference studies. To answer the Bioretention question, we included 48 images from the GI 
Preliminary and GI Preference studies that contain more than 1% of the image in bioretention. 
Finally, to answer the Interaction question, we used images from the GI Preliminary and GI 
Preference studies (Figure 4.4). 
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Figure 4.4. Example images from GI Preliminary and GI Preference studies. 
 
Participants 
 The recruitments and restrictions of the participants varied between the three studies. The 
Dose of Nature study included 320 participants via opportunity sampling from University of 
Illinois at Urbana-Champaign campus as a part of a larger experiment. The participants were 
between 18 and 30 years old and had lived in the US for more than eight years. The participants 
were not in professions associated with landscape architecture. The GI Preliminary and GI 
Preference studies were more inclusive. They collected the data from participants across the 
world via email lists and Amazon Mechanical Turks. This process generated a large number of 
participants. The GI Preliminary study had 522 participants, and the GI Preference study had 631 
participants. In total, we analyze preference data from 1,473 participants.  
  
Procedure 
The GI Preliminary and GI Preference studies’ questionnaires were stand-alone 
questionnaires whereas the Dose of Nature questionnaire was part of a larger experimental study. 
All questionnaires presented the images of green infrastructure followed by the question, “How 
much do you like this landscape?” In the GI Preliminary and GI Preference studies, each 
participant in saw every image in random order except for the initial three images—images 
expected to generate low, high, and moderate preference ratings to give participants an idea of 
the range of landscapes presented in the questionnaire. The Dose of Nature study’s was a bit 
more complicated. The questionnaire was employed after an hour- long experiment. Each 
participant saw fifteen randomly selected images in a randomized order. Even though these 
preference questionnaires’ settings were different, the results should not be affected because 
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preference is elicited by snap judgment with little cognitive demand on the participant (Zajonc, 
1980).   
Participants in each study saw one image at a time and responded to the question: ‘How 
much do you like this landscape?’ They then answered using a Likert scale from 0 (not at all) to 
4 (very much). 
 
Vegetation Density Indices 
 Depending on the content of the photos, we calculated different vegetation indices to 
answer our research questions. We first calculated three different density indices: overall 
vegetation density, tree cover density, and understory vegetation density. For the images that 
contain bioretentions in the GI Preliminary and GI Preference studies, we calculated two 
additional vegetation indices: bioretention density and other vegetation density.  
 We calculated the overall vegetation density using Browndog’s Green Index tool. 
Browndog is a National Science Foundation (NSF) funded effort that is creating free cloud-based 
tools  that help scholars manipulate research data (Padhy et al., 2015). Browndog’s Green Index 
tool processes colors and clusters of pixels in images to detect vegetation – similar to the 
Normalized Difference Vegetation Index (NDVI). NDVI detects vegetation from the satellite 
images; the Browndog Green Index tool detects vegetation from eye-level photographs. Once 
calculated, the software determines the percent of vegetation within the photograph.  
 For tree cover density, understory vegetation density, and bioretention density, we used a 
manual process to calculate density. For each photograph, we used Photoshop to manually select 
pixels associated with vegetation and used the Histogram tool to count the number of pixels 
selected. We then compared the selected pixels with the number of the images’ total pixels and 
calculated the percentage of the vegetation of interest. Finally, for other vegetation density 
(understory vegetation that was not a part of bioretention such as lawns and shrubs), we 
subtracted the bioretention density from the understory vegetation density.  
 
Statistical Analyses 
We performed statistical analyses to find the relationships among overall vegetation 
density, understory vegetation density, and bioretention density and preference. The calculations 
were done using SPSS Statistics 23. First, the average scores of all the pictures were calculated 
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using simple arithmetic means. Then, we performed a series of linear and curvilinear regressions 
in order to find the model with the best fit for each relationship: linear, quadratic, and power. 
Finally, we ran linear regression tests to compare the single-variable and multi-variable models 
regarding the relationship between vegetation density and preference.  
To identify the statistical model with the best fit, we implemented two methods: 
Coefficient of Determination, better known as Adjusted R-squared (Adj-R2), and Bayesian 
Information Criterion (BIC) Methods. Both methods are popular ways to test the fitness of 
statistical models. While the Adjusted R2 method examines the percentage of variance explained 
by the independent variable within the model (Glantz & Slinker, 1990), the BIC method 
examines the extent to which a model is over-fitted, which suggests that the model might not be 
the closest representation of the data (Schwarz, 1978).  
To examine the interactions between the models with multiple independent variables in 
comparison to the models with single independent variable, we only used the Adjusted R2 
method because the BIC method is only suitable to compare models with the same independent 
variables (Schwarz, 1978).       
 
Results 
Overall, the average preference for all images is 1.8 (on a scale of 0-4), indicating that 
people preferred these images a bit less than “somewhat.” The distribution of the preference 
scores was fairly normal but slightly skewed to the left.  
 We present the results in four sections to reflect the research questions. The first three 
sections follow a similar pattern: first, we discuss the range and distribution of the vegetation 
density used in the analysis. Then, we present the statistical model that best describes the 
relationship between each type of vegetation and preference. After that, we describe the 
relationship between each type of vegetation density and preference.  Finally, we present results 
describing the interaction between vegetation (e.g., trees, understory plants), vegetation density, 
and preference. 
 
  
Overall Density: To what extent does overall vegetation density predict people’s preference for 
green infrastructure?   
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          We extracted the overall vegetation density from all 152 images from the three data sets. 
The overall vegetation density ranged from 0.4% to 73.9% with a mean of 35.5%.    
 The Dose of Nature study suggested a significant correlation between tree cover density 
and preference described by a power curve. Because of this relationship, we expected that our 
overall vegetation density would best fit a power curve. That is, as the vegetation density 
increases from low to high, the preference score will continue to rise, but the slope of the curve 
will slowly reduce until the line has almost no slope. If the best fit is a power curve, the Adj-R2 
value from the power curve would be the highest among all models, while the Bayesian 
Information Criterion (BIC) value from the power curve would be the lowest among all models. 
           We confirmed this expectation: the overall vegetation density and preference are 
significantly correlated, and the power curve model fits best with the data with the highest Adj-
R2 value (0.69) and the lowest BIC value (-576.40). Table 4.1 displays the values of Adj-R2 and 
BIC values of different statistical models, and Figure 4.5 depicts the relationship between the 
overall vegetation density and preference scores.  
 
Table 4.1. Model fitness for the relationship between the overall vegetation density and 
preference. 
Overall Vegetation Density and Preference 
Model 
Residual Sum 
Square BIC Adj R2 F SE 
Linear 25.03 -264.11 0.60 229.36** 0.41 
Quadratic 21.73 -285.63 0.65 142.58** 0.38 
Power 3.21 -576.40 0.69 340.73** 0.15 
**p<0.01 
. 
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Figure 4.5. The relationship between overall vegetation density and preference. 
 
 Since this analysis includes the Dose of Nature data—which accounted for 31% of this 
study’s data -- the findings here might be heavily influenced by the density of trees in these 
images. Would vegetation density remain correlated to preference if we remove the trees? To 
understand this, we examine the understory vegetation next.  
 
Understory Density: To what extent does the density of understory vegetation predict people’s 
preference for green infrastructure? 
          We explored the relationship between understory vegetation density and preference. 
Because the Dose of Nature study’s data has very little understory vegetation (0-8.1% across 50 
photographs), we removed the dataset from this part of the analysis. We extracted the understory 
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vegetation density from 103 images from the GI Preliminary and GI Preference studies. The 
understory vegetation density ranged from 0% to 65.8% with the mean of 22.3%. The 
distribution is skewed to the right.  
 We found that the understory vegetation density positively predicts preference.  The 
power curve model fits best with the data with the highest Adj-R2 value (0.52) and the lowest 
BIC value (-326.69). Table 4.2 displays these values for different statistical models, and Figure 
4.6 depicts the relationship between understory vegetation density and preference scores.  
 
Table 4.2. Model fitness for the relationship between understory vegetation density and 
preference. 
Understory Vegetation Density and Preference 
Model 
Residual Sum 
Square BIC Adj R^2 F SE 
Linear 32.19 -110.51 0.33 51.74** 0.57 
Quadratic 29.00 -121.29 0.39 34.04** 0.54 
Power 3.95 -326.69 0.52 110.38** 0.20 
**p<0.01 
.            
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Figure 4.6. The power curve relationship between understory vegetation density and preference. 
 
 Understory vegetation includes a broad range of plants such as lawns and shrubs that are 
not part of bioretention plantings. In the next section, we examine the relationship between 
bioretention density and preference.  
 
Bioretention: To what extent does the density of vegetation in bioretentions predict people’s 
preference for green infrastructure? 
          To answer this question, we analyzed 48 images that contain bioretentions from GI 
Preliminary and GI Preference studies. The bioretention density ranged from 3.3% to 60.6% with 
a mean of 26.5%. The distribution was skewed slightly to the right.  
 The two methods for identifying the model with the best fit presented contradictory 
results.  The Adj-R2 value was the highest in the linear model (0.19), but the BIC value was the 
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lowest in the power model (-169.3). Because of this contradiction, we cannot yet establish the 
shape of the curve that best represents the relationship between bioretention density and 
preference. We can, however, be confident that the relationship is positive. Table 4.3 displays the 
Adj-R2 and BIC values of different significant statistical models, and Figure 4.7 depicts the 
relationship between bioretention density and preference.  
 
Table 4.3. Model fitness for the relationship between bioretention density and preference. 
Bioretention Density and Preference 
Model 
Residual Sum 
Square BIC Adj R2 F SE 
Linear 8.643 -74.55 0.19  12.098**  0.433 
Quadratic 8.16 -77.31 0.22           7.60  0.46 
Power 1.201 -169.28 0.07  4.371*  0.162 
**p<0.01, *p<0.05 
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Figure 4.7. The relationship between bioretention density and preference. 
 
 At this point, we know that all three types of vegetation density are positively associated 
with preference. In the next section, we examine the extent to which there is an interaction 
between types of vegetation (e.g., trees, understory) and vegetation density.  
 
Interaction: Is there an interaction between types of vegetation (e.g., trees, understory plants), 
vegetation density, and preference? 
 To answer this question, we analyzed 103 images from the GI Preference and the GI 
Preliminary dataset. We included images containing a wide range of tree canopy and understory 
vegetation density. We plotted a chart that compares the linear relationships between three 
independent variables and preference. If the relationships intersect or have drastically different 
slopes, there is an interaction between the types of vegetation that could be explained further. 
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 We found no interaction between any types of vegetation. The linear relationships of tree 
cover density, understory vegetation density, and bioretention density are almost parallel. This 
means that we do not need to further investigate how each independent variable interacts with 
the others (Figure 4.8). 
 
 
Figure 4.8. The interaction graph showing the relationships among trees, understory vegetation, 
and bioretention density.   
 
Discussion 
 There are four key findings from this study. First, every type of vegetation density we 
explored (total vegetation, trees, understory, bioretention) positively predicts preference for 
landscapes with green infrastructure. Second, the relationships between three of the measures of 
vegetation density – overall vegetation density, tree density, and understory vegetation density –
and preference is best described by a power curve. Third, bioretention density and preference 
were positively related, but it is unclear whether a linear or power curve best describes the 
relationship. Fourth, there are no notable interactions between types of vegetation and 
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preference. In the following paragraphs, we discuss the contributions and implications of the 
findings and opportunities for future research. 
  
Contributions and implications 
 Our findings are congruent with previous evidence in important ways. The relationship of 
the overall vegetation density and preference is consistent with the findings that tree density and 
preference are positively related (Jiang et al., 2015). The power curve of the relationship is also 
consistent with past research. We found that more understory plants, even in bioretentions, can 
positively increase preference, especially in barren areas. This finding reinforces other studies  
that show that some understory vegetation is more preferred than none (Junker & Buchecker, 
2008; Tyrväinen et al., 2003). A previous study that investigated understory vegetation density as 
a continuous variable, however, showed a non-significant relationship between understory 
vegetation density and preference (Jiang, 2014). In this study, the range of understory vegetation 
density was much narrower than in our current study, which might contribute to the results.  
 This study contributes to the field in a few meaningful ways. First, it provides additional 
empirical evidence demonstrating that vegetation density positively predicts preference. This set 
of findings is important because preference is an indicator of human well-being (Kaplan & 
Kaplan, 1989). It advances our understanding by demonstrating that higher densities of 
understory plants such as grasses, sedges, and native flowers, positively predict preference.  
This study also makes a methodological contribution. We employed Browndog’s Green 
Index tool, a new web service that allows researchers to calculate eye-level vegetation density 
from a photograph. This tool is incredibly powerful in that it allows researchers to assess the 
density of vegetation in a number of photographs in a short period of time. In previous work, it 
has taken more than two hours of focused work to accurately measure the density of vegetation 
in a photograph (Jiang, Chang, & Sullivan, 2014). Using Browndog’s Green Index tool, the 
process was shortened to a few seconds per photograph.   
This study is also one of the first studies to calculate vegetation density from eye-level 
photographs rather than aerial photographs from satellite images.  Eye-level photography may 
better represent how people experience vegetation in their everyday lives (Jiang, Deal, et al., 
2017). 
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 Practitioners can use the results of this study and apply them in implementing green 
infrastructure. We can be more confident that planting more trees and understory plants can 
improve the preference of landscapes. Preferred landscapes will invite people to spend more time 
outside and reap the benefits of urban nature. Practitioners should also feel confident in 
implementing bioretentions, knowing that more vegetation in bioretentions can improve 
landscape preference in addition to promoting ecological health.  
 Furthermore, ecause the relationship between green infrastructure and preference was 
best described by a power curve for three of the four questions, this suggests that city planners 
and designers should focus on planting vegetation in barren or mostly-barren areas, because even 
a small amount of green infrastructure can yield a large increase in preference when vegetation 
density is low. 
 
Opportunities for future research 
 Future studies can explore the relationship between green infrastructure density and 
preference further by investigating other aspects of green infrastructure such as planting designs 
and maintenance. In this study, we have controlled many factors for our photograph selection. 
These factors include seasonal effects, the amount of sunlight, the quality of vegetation, and the 
maintenance of the surrounding environments. Planting design and green infrastructure 
stormwater performance were not considered in this study. Other factors to consider include the 
demographics of the participants, such as gender, age, cultural background, and expertise. To 
what extent do these factors influence the relationship between vegetation density and 
preference? 
 Furthermore, while preference is a commonly used well-being indicator, it might not be 
the strongest predictor of health outcome, which begs the question: do the health benefits of 
green infrastructure extend to human psycho-physiological health outcomes? Future studies 
should consider the impact of green infrastructure on people’s health, such as the ability to 
recover from stress and attention fatigue.  
 
Conclusion 
 Green infrastructure brings considerable benefits to urban environments, but little is 
known about its relationship to human’s preference, health, and well-being. To understand the 
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relationship between green infrastructure and human preference, we ran a statistical analysis of 
three GI Preference surveys. We found that overall tree density, understory vegetation density, 
and bioretention density are all positively associated with preference in a power relationship, but 
with different predicting powers. We also found that overall vegetation density and the 
combinations of different types of vegetation density produce better models in predicting 
preference. This study expands our knowledge of landscape preference to the emerging field of 
green infrastructure. Designers and planners can use these results to create preferred landscapes 
that manage stormwater while promoting human well-being.  
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Chapter 5: 
Green Stormwater Infrastructure and Psycho-physiological Responses: Lessons from an 
Unsuccessful Experiment 
 
In the previous two chapters, we explored the relationships between GSI and preference. 
While preference is a good well-being indicator, little evidence directly ties preference to 
immediate physiological impacts on humans (Van den Berg et al., 2003). To further understand 
the relationship between GSI, preference, and human health, it is important to investigate the 
relationship between GSI density and psycho-physiological responses that may influence human 
health.  
Humans are influenced by the environments that surround us. Some environments 
improve our mood, motivation, and health. Other environments leave us distracted, exhausted, 
and sick. Cities across the U.S. have been increasingly implementing Green Stormwater 
Infrastructure (GSI) to manage stormwater. Because many GSI elements are fairly new, we 
know little about the extent to which and by what mechanisms they impact humans. To what 
extent do they promote people’s well-being?  To what extent do these landscape elements reduce 
the stress and distraction that people in urban areas often feel? Using an experimental study and a 
qualitative analysis, we addressed these questions in an effort to advance our understanding of 
how urban nature can improve citizens’ lives. 
A body of evidence shows that exposure to urban nature can improve health and well-
being. Two of the most prominent urban nature benefits on human health and well-being are 
stress recovery and attention restoration. In modern urban life, people constantly experience 
stress and demands on their attention, and when they do not have opportunities to recover, these 
stresses and demands can have detrimental effects (Cotton, Dollard, & Jonge, 2002; L. E. Kuo et 
al., 2008; Kyrou & Tsigos, 2008). 
While empirical studies have explored how experiencing nature impacts humans’ 
physical and mental functions, these studies do not explore certain GSI elements. GSI utilizes 
natural elements to help resolve urban water issues and prevents flooding, erosion, excess 
nutrient buildup, and pollution (Watson & Adams, 2010b). Some GSI elements are easy to 
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notice, such as urban trees. Some disguise themselves as other parts of landscapes, such as a rain 
garden in a front lawn or a native planting at the city square (Watson & Adams, 2010b, 2010c).  
GSI is more complex than trees and open spaces. It includes elements that are often seen 
as messy, like smaller trees, native grasses, wetland plants, and sedges (US-EPA, 2008). It is 
unclear whether people will recover from stress and attention fatigue in landscapes with different 
types and doses of GSI. It is possible that GSI is restorative because it is a part of urban nature 
(Tzoulas et al., 2007), but at the same time, messy landscapes such as those found in GSI may 
cause fear and discomfort (Nassauer, 1995b; Ulrich, 1993) and thus they may not be effective in 
stress recovery and attention restoration at all.  
This lack of knowledge leaves us at risk for creating landscapes that improve ecological 
health at the cost of human well-being. To address this gap, we conducted an experiment 
designed to understand how different kinds and doses of GSI impact human well-being. We also 
conducted a qualitative analysis to understand people’s experiences as they viewed such 
landscapes. In the next sections, we discuss the theoretical framework and empirical evidence 
regarding the topic, the methods in which we conducted the studies, the results, and the 
implications of this study.  
 
Literature Review 
Urban nature, Stress Recovery, and Attention Restoration 
While a large body of evidence suggests that GSI can be beneficial to the environment, 
we know very little about GSI’s impact on physical and mental well-being. In modern urban life, 
people constantly experience stress and demands on their attention, and when they do not have 
opportunities to recover, these stresses and demands can have detrimental effects (Cotton et al., 
2002; L. E. Kuo et al., 2008; Kyrou & Tsigos, 2008). We know in Chapter 2 that although 
literature has established that people can recover from stress and attention fatigue in natural 
settings such as parks and tree-lined neighborhood streets, we don’t know the extent to which 
people recover from stress and attention fatigue when exposed to GSI. While empirical studies 
have explored how experiencing nature  impacts human’s physical and mental functions, these 
studies do not explore certain GSI elements  (Tzoulas et al., 2007).  
While we do not know much about how GSI is related to stress recovery and attention 
restoration, researchers have strong evidence that urban nature benefits human health and well-
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being  (McEachan et al., 2015; Song, Ikei, Igarashi, Takagaki, & Miyazaki, 2015; Tyrväinen et 
al., 2014; Wang et al., 2016; Wu et al., 2014a). Access to certain kinds of natural elements, 
especially trees, can help people recover from stress and restore their attentional capacities 
(Jiang, Chang, et al., 2014; R. Kaplan et al., 1998; F. E. Kuo & Taylor, 2004). In the next part of 
this section, we discuss the theories of how urban nature can benefit health and well-being 
through stress recovery and attention restoration. 
Stress Recovery Theory: In modern life, people frequently experience stress when, for 
instance, they struggle to turn in assignments on time or mediate fights between coworkers. 
Stress can help people be more productive and efficient when managed effectively. However, 
when people experience the stress in a daily basis and do not have opportunities to recover from 
this stress, it becomes chronic stress (Katz, Roth, & Carroll, 1981). Chronic stress is dangerous 
because it can lead to detrimental effects such as obesity, respiratory diseases, and cardiovascular 
problems (Cotton et al., 2002; L. E. Kuo et al., 2008; Kyrou & Tsigos, 2008). 
Ulrich’s Stress Recovery Theory (SRT) explains that humans can recover from stress by 
experiencing nature. Ulrich claims that humans have evolved to be around nature, and certain 
types of nature and urban green help people recover from stress (Ulrich, 1984). Other research 
supports the claim that nature can alleviate stress. Urban green reduces stress, even when 
accessed through a window (C. Chang & Chen, 2005; Dravigne, Wallczek, Lineberger, & 
Zajicek, 2008).  Furthermore, urban parks and open spaces have immense restorative effects 
(Hartig et al., 2003). The existence of green spaces is important for regulating stress hormones 
and reducing mortality rates, especially for those living in impoverished communities (Mitchell 
& Popham, 2008; C. Thompson, Ward et al., 2012). Exposure to nature doesn’t need to be 
extensive to elicit a stress recovery response. In a recent study, people who watched a 6-minute 
video of streets with high levels of tree canopy had significantly greater stress recovery than 
those who watched videos of streets with lower levels of tree canopy (Jiang, Chang, et al., 2014). 
This evidence suggests that exposure to urban green plays an important role in stress recovery.  
Most of these studies, however, do not examine GSI’s impact on stress recovery. GSI 
elements, such as rain gardens and bioswales, look different from the tree-lined streets and urban 
forests explored in previous studies. GSI can include elements such as tall grasses and messy 
native plantings, and people may be fearful that these elements could harbor spiders, snakes, or 
criminals (Ulrich, 1993). Compared to conventional landscapes, will these newer types of GSI 
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sufficiently help people recover from stress? We need to know the extent to which exposure to 
newer types of GSI, such as bioretentions, help people recover from stress.    
Attention Restoration Theory: In addition to helping people recover from stress, urban 
nature can also help people restore their attention capacity. Kaplan (1995) explains how nature 
can help people recover from attention fatigue in his Attention Restoration Theory (ART). 
Kaplan states that modern humans must focus their direct attention on tasks that they are not 
biologically programmed to focus on for a long, continuous time--tasks such as reading a 
literature review or writing a report (R. Kaplan et al., 1998). To focus on these tasks, they must 
ignore other things that try to capture their involuntary attention. Attentional capacity fatigues 
over time, and directed attention becomes difficult. When this happens, humans become more 
impulsive and irrational (S. Kaplan & Berman, 2010). Even the simplest tasks like exercising or 
deciding what to eat become challenging, and people often make poor choices. Attention fatigue 
can reduce the ability to perform crucial tasks and even lead to driving accidents (Hughes & 
Cole, 1986).   
Kaplan (1995) explains that people can recharge their directed attention capacity when 
they are exposed to nature. Attention capacity can be restored by experiencing the soft 
fascination of nature (trees moving in the breeze, running water.) Soft fascination is a type of 
involuntary attention that allows the mind to rest (Berman, Jonides, & Kaplan, 2008). When their 
ability to pay attention is restored, people can once again focus directed attention and be 
reasonable and attentive to their choices and actions (R. Kaplan & Kaplan, 2011). 
While sleep and meditation can help restore attention, compelling evidence suggests that 
exposure to nature is a quick and effective way to recharge attention capacity  (S. Kaplan, 2001). 
Students tend to have better grades and fewer behavioral problems when they take a break 
viewing green spaces during lunchtime (Matsuoka, 2010). High school students and college 
students tend to be better at attention-demanding tasks when exposed to window views of trees 
(Chen, 2014; Tennessen & Cimprich, 1995). Children score higher on indices involving self-
discipline if they have nature nearby (A. F. Taylor et al., 2002).  
  Most of these studies, however, do not examine GSI’s impact on attention capacity. 
While new types of GSI have a wide variety of plants, which might attract involuntary attention, 
we do not know whether these types of GSI will be effective in attention restoration recovery. 
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We need to know the extent to which exposure to the new types of GSI, such as bioretention, 
helps restore people from attention fatigue. 
 
Types and Doses of GSI 
 In the field of medicine, physicians learn the types and dosage of medicine to prescribe to 
provide the most efficient results. As we discuss urban nature as a medicine to improve health 
and well-being, the understanding of types and dose should be explored. One of the factors in 
dosage of medicine is the amount that the patient would take—which might be equivalent to 
vegetation density in a landscape.  
 Growing evidence suggests that nature can improve stress and attention recovery, but few 
studies have explored how different density levels of nature impact this recovery. Previous 
studies in this field were mostly binary. They only compared environments in which nature was 
dominant versus the environments in which nature was lacking (Hartig et al., 2003; F. E. Kuo & 
Taylor, 2004; Lauman et al., 2003; A. F. Taylor et al., 2002; Velarde et al., 2007). A few density-
related studies focus on trees but do not consider other types of vegetation (Jiang, Chang, et al., 
2014; Jiang et al., 2015; Jiang, Li, et al., 2014).  
 One of these studies reported that exposure to greater tree cover density was associated 
with stress reduction; however, the study found no significant relationship between stress 
reduction and understory plants (Jiang, Chang, et al., 2014). The landscapes used in the study 
consisted mainly of trees, mowed lawns, and evergreen shrubs and did not include the types of 
plants usually found in GSI. 
 Dosage, such as density, is important in discussing health and medicine, and we need to 
know how different doses of nature impact health. To what extent do different levels of 
vegetation density found in GSI impact human health and well-being?  
 
Experiencing GSI 
 Stress Recovery Theory and Attention Restoration Theory have explained how nature 
impacts human health, but these theories may not apply to GSI. GSI can look different from 
more common kinds of urban nature.  We are unsure if people will experience and respond to 
GSI elements the same way. Do people find GSI, which often has tall understory plants, to be a 
safe and restorative place? We know that different types of landscapes, such as forests, deserts, 
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or an urban green roof, may provoke different thoughts and bring attention to different landscape 
features (Larsen & Harlan, 2006; Loder, 2014; Louv, 2006). Because some elements of GSI are 
fairly new, we need to know how people respond to them. 
 Designers and planners may respond to landscapes differently from laypeople. While 
designers may find GSI landscapes restorative and softly fascinating, laypeople may respond 
differently and notice different things (Suppakittpaisarn, Larsen, et al., 2016). We need to 
provide more evidence of laypeople’s responses to GSI. That is, what do people notice, and how 
do those things make them feel?   
 
 To fill the gaps of knowledge above, we conducted an experiment using two most 
common and visually accessible GSI: trees and bio-retention. Here, we describe two research 
questions. Figure 5.1 shows these research questions in relationship to the other parts of the 
dissertation. 
 
Figure 5.1. Chapter 5’s research question in relation to the complete dissertation. 
 
1) To what extent do different densities of trees and bio-retention help people recover 
from stress and attention fatigue? 
2) What do people notice as they experience landscapes with different densities of trees 
and bio-retention?  
 
Method 
 To answer these questions, we conducted an experiment. The experiment exposed 
participants to different density levels of trees and bioretentions after stressful and attention 
demanding tasks to see how these different density levels impact stress recovery and attention 
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restoration. Here I describe the methods we used to create the videos for the study, select the 
participants, measure participants’ responses, run the experiment, and collect the data. 
 
Videos 
In this study, we used videos of GSI with varying doses of trees and bio-retentions as the 
nature treatment. We took photographs of GSI across the US and turned these photographs into 
nature treatment videos. Photographs of GSI were taken from cities with similar climate zones. 
Lighting and camera angles were similar. Flashy cars, unique buildings, and people were 
excluded. Some examples from the photographic database are shown in Figure 5.2. 
 
 
Figure 5.2. Sample images from photographic dataset. 
 
We selected 216 GSI photographs for this study and used them to produce nine six-
minute videos. The photographs were grouped into nine categories based on the amount of trees 
and bio-retentions. Trees and bio-retentions shown in the videos contained three levels of 
density: low (0-5%), medium (5.1-15%), and high (15.1-35%). The nine videos represent 
pairings of the three levels of density and trees and bioretentions: low tree-low bioretention 
(Group 1), low tree-medium bioretention (Group 2), low tree-high bioretention (Group 3), 
medium tree-low bioretention (Group 4), medium tree-medium bioretention (Group 5), medium 
tree-high bioretention (Group 6), high tree-low bioretention (Group 7), high tree-medium 
bioretention (Group 8), and high tree-high bioretention (Group 9). The example images from the 
nine videos are shown in Figure 5.3.  
Each category contained 24 photographs with a certain combination of tree density and 
bio-retention density. Each category contained pictures from various locations, such as high 
income neighborhoods, commercial zones and low-income neighborhoods. Landscapes with a 
wide range of maintenance were included.  
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Participants were randomly assigned to watch a 6-minute video of the photographs from 
one of the categories. Approximately 15 participants were assigned to each category. Each 
photograph was shown three times in random order for 5 seconds, using a panning and zooming 
technique called the “Ken Burns Effect” to animate still images (Carroll, Latulipe, Fung, & 
Terry, 2009).  
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Figure 5.3. Sample images from nine videos. 
 
86 
 
 
Participants 
We recruited participants who were 18-32 years old to reduce variability in physiological 
characteristics. The participants must have lived in the US for 5 years or longer so they are more 
familiar with the landscapes presented in the study. To limit confounding factors that might 
affect physiological responses, we excluded participants with a history of cardiovascular disease 
or mental illness, and participants who have consumed tobacco, alcohol, caffeine, or prescription 
medicine recently (Jiang, Chang, et al., 2014). 
 
Dependent variables 
 To measure stress and attention capacity, we analyzed five dependent variables in this 
study: self-reported stress, skin conductance, skin temperature, Digit Span Forward test (DSF), 
and Digit Span Backward Test (DSB). Here we describe how we measured stress and attention.  
1) Stress 
 We used three different measures of participants’ stress levels:  self-reported stress, skin 
conductance, and skin temperature.  
 1.1) Self-reported stress is a measure of stress used in many stress-related studies (Cella 
& Perry, 1986; Lesage, Berjot, & Deschamps, 2012). It has been shown to accurately predict 
physiological responses for stress. In this experiment, we measured self-reported stress using a 
computer-based Visual Analogue Scale (VAS). VAS is a psychometric scale, designed for 
participants to quantify something that cannot be directly measured (Lesage et al., 2012). Unlike 
the Likert Scale, VAS is continuous. Participants identify a spot along a continuous line from 
value A to B (usually 0-100) that describes their stress level (Aitken, 1969). In this experiment, 
we used VAS for three moods that have been associated with stress: anxiety, tension, and 
avoidance. These moods have been used to identify stress in previous studies (Cella & Perry, 
1986; Jiang, Li, et al., 2014). Participants used the VAS to answer three questions: 
- How anxious do you feel at the moment? 
- How tense do you feel at the moment? 
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- How much do you want the experiment to be over? 
 Each question was accompanied by a slider bar with number 0 on the left side and 100 
on the right side. The participant would then use the slider bar to identify their answer. The 
computer calculated the value of their responses from 0 to 100 within one decimal point. We 
then found the arithmetic mean of all three values and used it as the value of self-reported stress.   
 1.2)  Skin conductance differs from self-reported stress because it measures 
physiological stress. Skin conductance measures how well a person’s fingertips conduct 
electricity. The electricity conductance increases with the amount of sweat in the fingertips, 
which increases when a person is stressed (Venables & Christie, 1980). Thus, the more 
conductive a person’s fingertips are compared to baseline levels, the more likely it is that they 
are stressed. The opposite is also true. The less conductive a person’s fingertips are compared to 
previous levels, the more likely it is that they are recovering from that stress. Skin conductance 
has been used in previous studies to accurately measure stress (Jiang, 2014; Lazarus, Speisman, 
& Mordkoff, 1963; Storm et al., 2002).    
 We measured skin conductance using a biofeedback device called ProComp 5-Infiniti 
from Thought Technology (Figure 5.4). The device has an apparatus that, when attached to a 
participant’s two fingertips, can read the electro-conductivity of those fingertips in real time. The 
device has been shown to provide plausible stress measurements (Jiang, 2014).   
 1.3) Skin temperature is also a physiological stress response. Capillaries in a person’s 
skin contract as they are stressed, and the contraction leads to lower temperature at the fingertips 
(Baker & Taylor, 1954; Kataoka et al., 1998). Like skin conductance, skin temperature has been 
used along with other stress measures in previous studies (Baker & Taylor, 1954; Jiang, 2014).  
 We measured skin temperature using another  ProComp 5-Infiniti device. This apparatus 
acts like a thermometer. We connected the apparatus to the participants’ fingertips with adhesive 
tape. The device then reported skin temperature in real time. The device has been shown to 
provide plausible results of skin temperature (Jiang, 2014).  
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Figure 5.4. Procomp 5 Infiniti, the skin conductance apparatus, and the skin temperature 
apparatus. 
2) Attention Capacity 
 We used two different measures to indicate participants’ attention capacity: the Digit 
Span Forward test (DSF) and the Digit Span Backward test (DSB). Both tests have been used to 
measure attention capacity (Berman et al., 2008; Li & Sullivan, 2016; Ohly et al., 2016). Both 
tests have a similar procedure. In the DSF test, the researcher reads a series of digits to a 
participant. The participant then repeats the digits back to the researcher in the same order. If the 
participant repeats the digits correctly, a new set of digits will be provided. The researcher 
increases the number of digits if the participant repeats the digits correctly twice. If the 
participant repeats the digits incorrectly twice within the same number of digits, the researcher 
ends the test. The researcher then records the number of correct repetitions. The DSB test uses 
the same procedure except that the participant must repeat the digits in reverse order. For 
example, if the researcher reads 2-5-4, the participant must say 4-5-2 (Blackburn & Benton, 
1957; Koppitz, 1977; Tennessen & Cimprich, 1995).  
 
Procedure 
We conducted the experiment in late mornings and late afternoons to avoid the impact or 
recent consumption of food and caffeine within the timeframe of the experiment. After giving 
consent, participants completed a health background questionnaire. Next, participants rested for 
3-5 minutes. During the rest period, four sensors were placed on the fingers of one hand, and a 
sensor was placed on each wrist. These sensors measured participants’ skin conductance and skin 
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temperature. Participants were also asked to report their stress level using the Visual Analog 
Scale.  
Next, participants performed the two attention tests: Digit Span Forward and Digit Span 
Backward. Each test lasts approximately 2 minutes. Scores were recorded for their baseline 
attention capacity. Afterward, the participants underwent the Tiered Social Stress Test (TSST), a 
test commonly used to induce psychological stress (Jiang, 2014). Participants were asked to give 
a five-minute speech and perform five minutes of mental subtraction. After the TSST, they were 
asked to report their stress level and perform the attention test again.  
The participants were then randomly assigned to watch a video from one of the GSI 
categories on a monitor. Immediately after watching the video, their stress and attention levels 
were tested again to see how or if the treatment videos influenced their stress recovery and 
attention restoration. After the attention tests, participants were asked to make a short comment 
about the video. The comment was limited to 150 characters. Participants then received $20 for 
their time. The procedure, which is shown in Figure 5.5, took approximately 50 minutes.  
After cleaning the data, we compared the changes in stress and attention levels between 
participants who had experienced different videos to see how the type and amount of GSI 
(density of trees and bio-retention) influenced their physio-psychological responses. Participants’ 
written comments were subjected to a qualitative analysis that examined two aspects: the topics 
that were mentioned, and the positivity towards those topics. The differences between the videos 
were noted. 
 
 
 
Figure 5.5. GSI View Study Diagram. 
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Statistical Data Extraction and Analyses 
 To analyze the data, we first extracted the skin conductance and skin temperature data 
from the bio-feedback device at three different times: at the beginning of the experiment (T1), 
after the TSST (T2), and after the video (T3). In each collection time, we extracted this 
physiological data at the frequency of 32 data points per second in a 30-second period, 15 
seconds before and after the end of the stimuli (resting, stressful tasks, and GSI videos). We then 
calculated the mean from 960 data points to get a measurement of skin conductance and skin 
temperature during the time of interest. 
 We standardized all of our dependent variable data by transforming the numbers into 
percent change. We calculated the percent change of skin conductance, skin temperature, self-
reported stress, and attention tests using the following equation: 
 
Percent change = 100* (T3-T2)/T2 
where T2 is the stress measure after the TSST and T3 is the stress measure after the video. 
 
 After we acquired percent change, we used One-way ANOVA to compare percent 
change in stress and attention levels between participants who watched different videos to see 
how the type and amount of GSI influenced their physio-psychological responses. 
 
1) Qualitative Data Extraction and Analysis  
 To extract and analyze the data from the video comments, we conducted a qualitative 
analysis. First, we downloaded the comments into an excel spreadsheet, categorized by the 
videos they were generated from. We then read the text about each video and noted categories 
when they were mentioned. We examined the patterns of the categories—what features were 
most mentioned? What kinds of sentiments were associated with those features? Did these 
features and sentiments follow our expectations? We took notes of these patterns and created a 
visual representation that mapped the opinions and comments across the nine videos.  
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Results 
 The results will be presented in four sections. First, we describe the demographic data of 
the participants from this study. Second, we examine whether the Tiered Social Stress Test 
(TSST) effectively induced stress and attention fatigue. Third, we examine the effects of GSI 
videos with different density levels on stress recovery and attention restoration. Finally, we 
examine the comments people gave after watching the videos.  
 
Participants 
 We obtained data from 139 participants, 72 of whom were female. The average age was 
22 years old, ±0.3, SD. = 3.6. The distribution is skewed to the left, which means most 
participants were younger than 22 years old. Participants identified themselves as being members 
of various ethnicities: 66 Caucasian, 56 Asian, 14 Hispanic, 9 of African Descent, 4 Middle 
Eastern, and 3 Mixed Race. 116 participants spoke English as their first language.  
   
The Effects of Tiered Social Stress Test 
 We examined the effects of the TSST on different measures of stress and attention levels. 
We use Paired t-test to compare the conditions of participants’ stress and attention levels before 
and after the TSST. The measures for stress include: skin conductance, skin temperature, and 
self-reported stress. The measures for attentional functioning include: Digit Span Forward and 
Digit Span Backward tests. 
 If the TSST successfully induced stress, the stress measures after the TSST would show 
significantly higher levels of stress than before the TSST: lower skin temperature, higher skin 
conductance and higher self-reported stress. If the TSST successfully induced attention fatigue, 
both of the test scores after the TSST would be significantly lower than before the TSST was 
administered.   
 We found that the TSST successfully induced stress, but not attentional fatigue. All stress 
measures were significantly higher after the TSST. Regarding attention, however, the Digit Span 
Forward test showed no significant changes, and, surprisingly, the Digit Span Backward test 
showed significant and strong improvement in performance after the TSST. Table 5.1 shows the 
significant differences between the stress and attention measures before and after the TSST.   
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Table 5.1. Report on Paired t-tests of stress and attention measures before and after TSST 
Category 
Before TSST After TSST 
df t p value Mean SD Mean SD 
Stress 
       
Self-reported 29.7 9.8 35.3 13.1 137 -6.9 <0.001 
Skin Conductance 2.4 1.8 4.5 2.4 137 16.5 <0.001 
Skin Temperature 31.3 1.8 29.3 3.5 137 -8.4 <0.001 
Attention               
Digit Span 
Forward 9.6 2.2 9.3 2.4 138 1.9 0.07 
Digit Span 
Backward 7.9 2.1 8.6 2.5 138 -3.4 0.01 
 
To what extent do different densities of trees and bio-retentions help people recover from stress 
and attention fatigue? 
 We examined the effects of nine videos on stress and attention levels. Each video 
contains a unique level of trees and bio-retention. We used One-Way ANOVA to compare the 
percent improvement in the five psycho-physiological measures between the groups.  
 If the different density levels of trees and bioretention affect stress recovery and attention 
restoration, ANOVA would show that each group is significantly different. Our hypothesis was 
that the groups with higher tree density and bio-retention density would recover more quickly 
from the stress they experienced during the TSST. That means those groups would show greater 
percentage change in stress measures. The changes in self-reported stress and skin conductance 
would be negative, because the participants would feel less stressed and sweat less through their 
fingertips, and the changes in skin temperature would be positive because warmer skin 
temperature indicates less stress. Furthermore, participants who saw the videos with higher tree 
and bio-retention density would perform better on measures of attention. That means participants 
in these groups would show higher percent improvements in attention scores.  
 We did not find the significant differences we hypothesized for most of the measures, 
even when we considered the differences in tree density and bio-retention density separately. The 
only significant changes occurred on the Digit Span Backward score when we considered bio-
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retention density. The denser the bioretention was, the greater the improvement in Digit Span 
Backward Score people obtained. Tables 5.2, 5.3, and 5.4 show the mean percent changes in all 
measures for all groups, tree density, and bio-retention density respectively. The color tabs on 
the tree density and the bioretention density columns visually represent the density levels of the 
vegetation. The darker a tab is, the denser the vegetation is in the video. 
 
Table 5.2. Mean percent changes from after the stressor to after the video in all measures.  
 
 
Table 5.3. Mean percent changes from after the stressor to after the video in all measures by tree 
density.  
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Table 5.4. Mean percent changes from after the stressor to after the video in all measures by all 
bio-retention density.  
 
 
What comments do people make after they watch the video of landscapes with different densities 
of trees and bio-retention? 
 Overall, we identified seven themes that participants mentioned most often. Those 
themes include vegetation, architecture, feelings, messiness and maintenance, safety, overall 
aesthetics, and levels of urban development. All of these themes are mentioned positively and 
negatively across the videos. Figure 5.6 shows how often each theme was mentioned for the 
participants watching each video. Below, we discuss those themes further. 
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Figure 5.6. Themes and the positivity of the comments on each video. 
 
1) Vegetation 
 Many comments from the videos mentioned vegetation. Most of these comments are 
about the amount of vegetation (either the abundance or lack thereof), the colors and species of 
vegetation, and the health of vegetation. Below, we include some examples of quotes regarding 
vegetation. 
“The landscape looked really bland. Not much green space.” (Group 1) 
“The spaces with plenty of green area and benches are more appealing.” (Group 3) 
“I like the landscapes with taller shrubs, trees, and the ones with lots of color.” (Group 6) 
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 It is notable that as the density of vegetation increases, no matter what colors or species 
of the plants were, more people gave positive comments to the video regarding the vegetation.  
 
“More greenery, including trees … please!” (Group 1) 
“I liked that the green space seemed to be maximized even in big-city environments.” (Group 9) 
  
 
2) Architecture 
 People mentioned architecture and the texture of the buildings at times in the comments. 
Because we selected more generic urban areas, most of the comments about architecture were on 
the negative side. The participants noticed much less about architecture as the vegetation density 
increased. Below, we include some examples of the quotes regarding architecture. 
 “I really liked some of the buildings.” (Group 4) 
“Some [buildings] seem more constricting than others.” (Group 7) 
  
3) Feelings 
 Many participants gave us their broad feelings and impressions as they watched the 
video. Some feelings include boredom, discomfort, refreshment, and relaxation. Overall, 
participants felt bored when they watched the video. For the videos with more trees and bio-
retention, participants seemed to indicate more positive feelings than for the videos with less 
trees and bio-retention. Below, we include some examples of the quotes regarding their overall 
feelings. 
“…not exciting or uplifting.” (Group 3) 
“An organized landscape may be peaceful but too boring.” (Group 3) 
“I was at peace watching these different landscapes.” (Group 7) 
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4) Messiness and Maintenance 
 Messiness and maintenance were frequently mentioned in the comments. Overall, there 
are many more negative comments about this issue than positive comments. Some felt that the 
videos (especially Groups 3 and 4) contained wide ranges of messiness and maintenance. Most 
comments recommended that the landscapes be more orderly and better maintained. Below, we 
include some examples of quotes regarding Messiness and Maintenance. 
“The landscapes I liked were more modern and green, the one's I didn't like were sad and run 
down looking.” (Group 3) 
“I liked half of them and the other half looked dead so I didn't like it.” (Group 4) 
“The ones where it's just weeds/not green grass are not as nice.” (Group 8) 
 
5) Safety 
 The theme of safety occurred across the videos. Many participants felt unsafe in some of 
the areas shown in the videos. While the comments did not occur as often as the other themes, it 
became a recurring theme throughout our qualitative analysis. Only one comment mentioned that 
they felt safe (Group 7). Below, we include some examples of quotes regarding safety.  
“I think it seems dangerous at night.” (Group 4) 
“…does not look like a safe place to play outside with your kids.” (Group 3) 
“It seems to be a safe community with necessary facilities.” (Group 7) 
 
6) Overall Aesthetics 
 Most of the participants mentioned that they dislike at least some of the photographs in 
the videos. However, some find the videos pleasing. Group 3 and Group 7 videos were 
mentioned as aesthetically pleasing by more than one participant. Group 8 was the only group 
that never described the images in the video as aesthetically displeasing. Below, we include some 
examples of the quotes regarding overall aesthetic. 
“Rough environment that wasn't aesthetic.” (Group 1) 
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“I enjoyed about half of the landscapes.” (Group 6) 
“The landscapes were nice.” (Group 8) 
 
7) Levels of Urban Development 
 The theme of urban development was mentioned more than once in each of the videos. 
Most of the comments were negative and about how the videos were too urban. A few comments 
mentioned urban development as pleasant (Group 7) and rural as unpleasant (Group 3). 
Participants sometimes commented negatively about what they thought of as suburban 
development (Group 4 and 5). It is notable that most positive comments about the level of urban 
development came from the videos with higher vegetation density levels (Group 7 and Group 9). 
Below, we include some examples of the comments about levels of urban development. 
“They are very urban landscapes, some nicer than others.” (Group 7) 
“They were just various landscapes of a small town. My mind grew tired of them.” (Group 3) 
“Lot more of suburban landscapes… was harder than I expected” (Group 4) 
“I also like "wild" looking environments in cities.” (Group 9) 
 
How do these experiences differ by gender? 
 To further understand the experiences of the participants, we also investigated the extent 
to which the comments varied by gender. The results showed that female participants have a 
tendency to notice more elements of the landscapes in the videos, such as vegetation and 
architecture than do males. Females also more frequently identified the land use of the 
landscapes in the video. The male participants mostly commented on overall aesthetics. One 
notable pattern we found from the analysis was that the male participants mentioned safety much 
more frequently—both in terms of vehicular safety and crimes. Figure 5.7 shows how often each 
term is mentioned when divided by gender.     
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Figure 5.7. The numbers of times each theme is mentioned in the comments, separated by 
gender.  
 
Discussion 
 In this study, we found that while the TSST increased stress significantly, it did not 
produce attentional fatigue. We ran 75 statistical tests looking for the impact of increasing 
vegetation density on stress recovery and attention restoration but found only one statistical 
difference before and after the treatments. In this experiment, exposure to different levels of tree 
and bio-retention density did not produce significant differences in stress recovery responses and 
attention levels.  
 These results seem to suggest that increasing levels of tree and understory vegetation 
density found in bioretentions do not aid enhance stress recovery and attention restoration. 
Perhaps our stress responses to GSI, particularly newer forms like biotretentions, are not as 
positive as we had hypothesized. However, we have reasons to question these findings.  These 
results are incongruent with previous studies that showed that tree density is associated with 
stress recovery (Jiang, Chang, et al., 2014) and that viewing videos of green open spaces can 
improve attention capacity (Brown et al., 2013; Pilotti et al., 2015). Previous studies have also 
found that people prefer landscapes with higher vegetation density levels (Jiang et al., 2015; 
Suppakittpaisarn, Jiang, Slavenas, & Sullivan, 2016), and that preferred landscapes are 
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potentially more restorative (Van den Berg et al., 2010). More carefully designed studies could 
help resolve these discrepancies. 
 Analyzing participant’s comments about the videos, we found seven different themes: 
vegetation, architecture, feelings, messiness and maintenance, safety, overall aesthetic, and levels 
of urban development. These responses give us clues about the aspects of the landscape that 
people notice and value or dislike. These factors may have influenced participant’s physiological 
and psychological response to the landscape images they saw. For example, would perceived 
safety or messiness of a GSI significantly influence stress recovery and attention restoration? 
Some of these themes have appeared in previous literature, such as vegetation (Jiang et al., 
2015), messiness and maintenance (Nassauer, 1995b), and safety (Wood et al., 2008). Other 
themes have not been fully explored. Although female participants discussed individual details 
more frequently, male participants were more likely to discussed issues concerning aesthetics 
and safety. It is notable that while this study shows that men are more interested in the safety of 
the landscapes, another study has shown that female participants’ perceived safety might be more 
influenced by landscape elements (Jiang, Mak, Larsen, & Zhong, 2017).  
   
 We have considered why the experiment results were not congruent with the existing 
body of evidence regarding the relationship between GSI, stress recovery, and attention 
restoration. We describe these possibilities below.  
 
Inducing stress and attention fatigue 
 Why did the TSST induce stress but not attentional fatigue? While the processes in which 
people recover from stress and attention fatigue are similar, these health issues are different. 
Stress is produced by a possible threat, but attention fatigue is produced through prolonged 
sustained attentional effort. We used the Tiered Social Stress Test (TSST) to produce both stress 
and attention fatigue, assuming that 10 minutes of sustained attention tasks were enough. 
However, the TSST was originally designed to induce only stress (Dickerson & Kemeny, 2004). 
There has been no evidence that TSST is an effective way of inducing attention fatigue. Our 
assumption that TSST could lead to attention fatigue was clearly untrue, as shown in the results 
section. In fact, the Digit Span Backward Score significantly increased after the TSST.  
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 It is possible that the increase of Digit Span Backward Score might also be caused by 
stress. Previous studies have shown a relationship between stress and a short-term boost in 
attention capacity (Dhabhar, 2009; James, 1892). A short attentional boost driven by the stress 
induced by the TSST may have resulted in our Digit Span findings.   
 
Demographic biases of the participants 
 The TSST results may also have been skewed because of a demographic bias in 
participants. While we distributed recruitment flyers across the cities of Urbana and Champaign, 
as well as via internet, flyers, and by asking participants to invite friends and associates to 
participate, we failed to recognize the demographic biases of our recruitment processes. We 
started recruiting participants during summer. During that time, most people in Urbana and 
Champaign were graduate students, many from the University’s College of Engineering. This 
bias might have given us a sample of participants who are better with numbers and thus better at 
both digit span tests than most people. The snowballing method might have extended such 
recruitment bias across fall semester as well.  
  
 Why did the treatment videos not yield significant stress reduction or attention 
restoration? We present three possibilities.  
Movement in videos 
 We calculated both types of vegetation density through the number of pixels representing 
vegetation from still images. But when we showed the images in the video, we employed the 
Ken Burn’s effects – either zooming in, across, or out from the image. As a result, some portion 
of the vegetation in many of the images moved out of the frame. The vegetation at the edge of 
the frame disappears more quickly than the vegetation at the center of the photographs, hence the 
density values we were so careful to measure were not an accurate representation of what the 
participants experienced. That is, we had an invalid measure of the density of the vegetation in 
the categories. 
The Method of Analysis  
.  We did not find a significant difference between the change in stress levels compared just 
after the stressors were administered (T2) and immediately after the GSI video treatments (T3). 
However, the data can still be analyzed and interpreted in several other ways. For example, we 
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used the mean values of physiological data within the 15 second period before and after the 
stimuli as an interpretation of the participants’ stress levels at the moment of interest. Then we 
used those mean values to find the percent change of these physiological responses. This might 
disregard the fluctuations within those 30 seconds. It also did not take into the account a possible 
reaction time of skin conductance and skin temperature. For example, skin temperature might 
take longer to react to stimuli. These are rich areas for future analysis.  
Urban contexts  
 . We did not consider the diverse urban contexts behind our images of trees and green 
stormwater infrastructure. From the participants’ comments, we could see that while vegetation 
was mentioned the most, other qualities of the urban context were also frequently mentioned, 
including level of urban development, architecture, messiness and maintenance, and safety. 
These confounding factors may have impacted the way in which these videos were viewed, 
leading to insignificant results. Furthermore, it is worth mentioning that the participants often 
mentioned that they liked about “half of the images.” This indicates that each video might have a 
wide range of different kinds of images in each video, and it may have been somewhat 
disorienting to see this range—to know how to respond to the video as a whole. 
  
 While our findings were not significant, we did identify some methodological 
suggestions for researchers conducting research on the urban environment and human health. 
1. To reduce the effect of urban context as much as possible, use a set of base images and 
manipulate them using Photoshop (e.g., add trees or bioswales) in order to produce 
images with different kinds and densities of GSI for the videos. It is probably not a good 
idea to use the Ken Burns effect as it changes the vegetation density of the images as they 
are being shown. Although these strategies may eliminate some confounding variables, 
they may also make the videos less engaging.  
2. Control the types and designs of vegetation. Use the same types of trees and understory 
plants for the bio-retentions, and make sure that the messiness and health of the plants are 
consistent across all treatments or use messiness and maintenance as a separate 
independent variable.  
3. If a study contains both stress and attention restoration measures, make sure to carefully 
separate the stressors and attention fatiguing tasks and their measurements. For example, 
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during the stress inducing portion of this experiment (T2), researchers should not ask the 
participants to complete TSST and an attention fatiguing task together, then measure their 
stress and attention at the end of the tasks. Instead, the researchers should introduce 
TSST, measure stress levels, assign attention fatiguing tasks, and then measure attention 
successively to avoid the possible effects that stress may have on attention capacity.  
4. Be careful in selecting and recruiting participants to avoid skewed samples which may 
stem from recruitment methods such as snowballing.  
 
Conclusion 
 Cities across the world are turning to GSI as a way to manage stormwater. We do not 
know how varying densities of the vegetation in GSI benefit human health. This lack of 
knowledge costs planners and designers the opportunity to produce landscapes that are good for 
human health and ecosystem health. In this experiment, we tested the extent to which different 
density levels of trees and bio-retention impact stress recovery and attention restoration. We also 
explored what the participants noticed as they watched the video containing urban scenes with 
different density levels of trees and bio-retentions. We found that different density of trees and 
bio-retention did not significantly affect stress recovery and attention restoration. Furthermore, 
we found that people noticed more of the urban context than we initially realized. We contribute 
to the field by making suggestions for how to more carefully design studies exploring how the 
built environment impacts human health.  Our research question remains unanswered, which 
calls for further investigation. We need to answer it because GSI implementation is gaining in 
popularity, yet we still are no closer to understanding how it might affect human health. Future 
researchers could further explore these research questions along with other gaps in our 
understanding of the built environment and human health, including dose, frequency, duration, 
and seasonal effects. 
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Chapter 6: 
Green stormwater Infrastructure, Urban Contexts, and Human Well-being 
 
 Previous chapters have explored the relationship between GSI and human preference and 
well-being, but did not consider the contexts and surrounding landscape characteristics in the 
analyses. The study described in Chapter 5 found that participants frequently mentioned aspects 
of the urban context in their comments about the GSI videos. This led us to wonder whether 
these contexts are related to our measures of human well-being.  
In this chapter, we explore GSI context and its effects on landscape preference. We 
address three aspects of the surrounding urban context: messiness, level of urban development, 
and perception of safety, and how they might affect the relationship between vegetation density 
and preference. Do one or more of these characteristics mediate the relationship between 
vegetation density and GSI preference? Unless we answer these questions, designers and 
planners risk implementing GSI in a way that ignores important aspects of the urban context that 
might impact how people reap the benefits of nature.  
To answer these research questions, we present a correlational study that investigates 
how vegetation density predicts people’s perceptions of three aspects of the urban context 
(messiness, level of urban development, and safety,) and how these contexts predict preference.   
   
Green Stormwater Infrastructure, Urban Contexts, and Preference 
 While there are a few studies about GSI and preference, most of them either omit or 
control for the influence of the urban contexts or landscape characteristics in which the GSI 
elements were situated (Gatersleben & Andrews, 2013; Jungels et al., 2013; Loder, 2014; White 
& Gatersleben, 2011). GSI elements, especially bio-retentions and green roofs, are always 
integrated into an urban context. Their small sizes made the preference of GSI dependent on 
what was going on around them. Factors such as socio-economic status of the neighborhood, 
messiness and maintenance, perception of safety, and level of urban development play a role in 
how people perceive GSI.  
 The socio-economic status (SES) of the neighborhood affects the budget limit in which 
GSI can be designed and maintained (Williams & Jackson, 2005). It also impacts people’s 
behaviors and attitudes toward their neighbors, which in turn affect how the residents act in 
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public spaces (Crawford et al., 2008). The messiness and maintenance level also indicates how 
the spaces are cared for and signifies how people view the space. Previous design theories and 
studies have shown that people prefer modern landscapes that are orderly and well maintained 
(Helfand et al., 2006; Nassauer, 1995b; Nassauer et al., 2009). Intertwined with SES and 
messiness is the perception of safety. People perceive environments as less safe if they aren’t 
well-maintained or if there are places where criminals can hide (Jorgensen, Hitchmough, & 
Calvert, 2002; Wood et al., 2008). Urban development also influences landscape preference and 
perception; previous studies have shown that dense urban areas are much less preferred than 
parks (Hartig et al., 2003; Hartig, Kaiser, & Bowler, 2001), but it is arguable whether the lower 
preference comes from a lack of vegetation in the landscapes that were selected.  
 While designers and planners cannot directly manipulate the SES of a neighborhood, they 
can take messiness, urban development, and safety into consideration when designing GSI. How 
do we provide a GSI design intervention that does not look messy, momentarily brings people 
away from dense urban environments, and makes people feel safe?  
 
Vegetation Density, Urban Contexts, and Preference 
 Because studies about eye-level vegetation density, urban landscape characteristics for 
GSI, and GSI preference are new, we do not know how they interact with each other. GSI 
vegetation density might positively predict messiness (Zhao, Wang, Luo, Xing, & Sun, 2017), 
and in turn, messiness might negatively predict preference (Nassauer, 1995b). However, a 
previous study also showed that vegetation density, even for the understory plants, positively 
predicted preference (Suppakittpaisarn, Jiang, et al., 2016). On the other hand, vegetation density 
might not be related to the perceived level of urban development, but the perceived level of 
urban development might negatively predict preference (Hartig et al., 2003). The theories 
seemed mixed between vegetation density and perception of safety (Appleton, 1975; Kondo, 
Low, et al., 2015a). However, we are certain that perception of safety predicts preference (F. E. 
Kuo, Bacaicoa, et al., 1998; Wood et al., 2008).  
 A further question to consider is: are there mediating relationships between these factors? 
For example, if vegetation density predicts the perception of safety, and perception of safety 
predicts preference, does it mean that perception of safety is one of the mediating factors in 
landscape preference? 
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 With these gaps in knowledge, planners and designers will not have the information 
needed to manipulate the urban landscape characteristics that support GSI and allow people to 
fully reap its urban nature benefits. To address these gaps, we investigate the relationships 
among eye-level vegetation density, perceptions of the urban environment, and preference for 
GSI. Figure 6.1 shows the focus of this chapter in relationship to the other parts of the 
dissertation. 
 
Figure 6.1. The focus of Chapter 6 in relationship with this dissertation. 
 
Density: To what extent does vegetation density predict perceived messiness, perceived 
level of urban development, and perceived safety? 
Preference: To what extent does perceived messiness, perceived level of urban 
development, and perceived safety predict preference? 
Mediation: Do perceived messiness, perceived level of urban development, and perceived 
safety mediate the relationship between vegetation density and preference? 
 
Methods 
GSI Videos 
 In this study, we used videos with varying doses of GSI to understand the influences of 
urban landscape characteristics on preference. The videos were used in an experiment between 
GSI and human health (Suppakittpaisarn & Sullivan, 2017). We selected 216 GSI photographs 
for this study to be used in nine 6-minute videos.  The photographs were grouped into 9 
categories based on the amount of trees and bio-retentions shown. Each category contained 24 
photographs with a certain combination of green canopy density and bio-retentions. The 
photographs come from various locations (for instance, high income neighborhoods, commercial 
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zones, low-income neighborhoods) to ensure that these factors are not confounding variables. 
Each video lasts 12 seconds. Each photograph was shown in random order for 0.5 seconds. The 
videos are listed in Figure 6.2. 
 
Figure 6.2. Numbers of participants in nine categories for exposure. 
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Urban context video questionnaire and landscape preference survey 
 We turned the GSI videos into a video questionnaire to examine the relationships 
between tree density, preference, and perceptions of urban context. The questions were inspired 
by the comment analysis of the experiment study (Suppakittpaisarn & Sullivan, 2017,) in which 
participants commented on perceived messiness, perceived level of urban development, and 
perceived safety. We distributed the survey via a crowdsourcing website called Amazon Turk. 
Once the participants consented, they watched nine 12-second videos in random order. At the 
end of each video, the participants were asked to rate three aspects of overall urban contexts in a 
seven-item Likert Scale: perceived messiness from “very neat” (0) to “very messy” (6), 
perceived level of urban development from “not urban at all” (0) to “extremely urban” (6), and 
perceived safety from “very unsafe” (0) to “very safe” (7). Participants saw one video at a time. 
They could pause and rewind the video at any time. When finished, the participants received 
fifty cents for their participation. 
 The landscape preference survey was collected separately from the urban context video 
questionnaire. We used the preference results from a 45-minute GSI and human health 
experiment from Chapter 5. The participants were recruited from the cities of Urbana and 
Champaign via flyers, online forums (such as UIUC Subreddit,) and snowballing methods. In the 
preference survey section, we asked participants to rate 15 landscape images, which were 
randomly selected from the 216 image pools that were made into the GSI videos. Participants 
saw an image with a question “How much do you like this landscape?” and responded with a 
Likert-scale from “not at all” (0) to “very much.” (4). Participants saw one image at a time.   
 
Vegetation Index 
 We calculated the vegetation index of the photographs in each video using Browndog’s 
Green Index Model. The model is introduced and described in Chapter 3. As part of Chapter 3, 
we also learned that Browndog’s Green Index Model is an accurate assessment of eye-level 
vegetation density.  
 
Statistical analysis 
 To analyze the results, we used IBM SPSS Statistics 23 to run three different sets of 
statistical tests: 1) Correlational analysis between vegetation density and the perceptions of urban 
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contexts, 2) Correlational analysis between the perceptions of three urban contexts and 
preference, and 3) Mediation analysis between vegetation density, each of the three landscape 
characteristics, and preference (F. E. Kuo & Sullivan, 2001b). 
 
Results 
 140 participants answered our preference survey. The mean scores of the image range 
from 0 to 3.25. The mean score of all images is 1.6, which is between ‘a little’ and ‘somewhat.’. 
100 participants answered our urban landscape characteristics survey. The mean score of 
perceived messiness is 2.6, between “a little neat” to “neither neat nor messy.” The mean score 
for perceived level of urban development is 3.1, close to “urban.” The mean score for perceived 
safety is 4.2, between “a little safe” and “safe.” Figure 6.3 shows the mean scores of each video. 
Table 6.1 describes the mean scores and standard deviations for each video. The color tabs on the 
tree density and the bioretention density columns visually represent the density levels of the 
vegetation. The darker a tab is, the denser the vegetation is in the video. 
 
Figure 6.3. Histogram showing the mean perceived messiness, perceived levels of urban 
development, and perceived safety of each video. The whiskers represent the standard errors of 
the data. 
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Table 6.1. Perceived Messiness, Perceived Level of Urban Development, and Perception of 
Safety by video.  
  
Tree 
Density 
Bio-
retention 
Density 
Messy Urban Safety 
  Mean SD Mean SD Mean SD 
Group 
1 0-5% 0-5% 
3.1 1.3 4.1 1.4 3.6 1.3 
Group 
2 0-5% 5.1-15% 
2.3 1.8 3.7 1.4 4.4 1.1 
Group 
3 0-5% 15.1-35% 
2.9 1.3 3.1 1.3 4 1.2 
Group 
4 5.1-15% 0-5% 
2.4 1.1 3.3 1.5 4.1 1.2 
Group 
5 5.1-15% 5.1-15% 
2.5 1.1 3.5 1.3 4.1 1.1 
Group 
6 5.1-15% 15.1-35% 
2.8 1.2 2.9 1.4 4.2 1.1 
Group 
7 15.1-35% 0-5% 
2 1.2 2.8 1.4 4.6 1.1 
Group 
8 15.1-35% 5.1-15% 
2.5 1.2 2.3 1.3 4.5 1 
Group 
9 15.1-35% 15.1-35% 
3.1 1.5 2.4 1.4 4.3 1.2 
 
 The image vegetation density range from 0.4% to 64.8%. The mean vegetation density is 
23.1%. Vegetation density significantly predicts mean preference of the image, Adj R2 = 0.15 
F(1,216) = 39.36; p <0.001. We organize the results in to three sections according to the research 
questions. 
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Density: To what extent does vegetation density predict perceived messiness, perceived level of 
urban development, and perception of safety? 
 We predicted that higher GSI content would make people feel that the space is messier, 
less urban, but safer. Eye-level vegetation density would be positively correlated with messiness 
and perception of safety, but not perceived level of urban development.  
 Our assumptions were mostly correct. While eye-level vegetation density is not 
significantly correlated with perceived messiness , Adj R2 = 0, F(1,215) = 0.7; p >0.05, it is 
positively correlated with perception of safety, Adj R2 = 0.09, F(1,215) = 0.8; p <0.001. Eye-
level vegetation density is negatively correlated with perceived level of urban development, Adj 
R2 = 0.27, F(1,215) = 78.6; p <0.001. Table 6.2 describes the correlation between vegetation 
density and these perceived urban contexts.  
 
Table 6.2. Correlations between eye-level vegetation density and urban contexts. 
predictor 
Messy Urban Safety 
Adj R2 Β p value Adj R2 Β p value Adj R2 Β p value 
vegetation 
density 0 0.06 >0.05 0.27 -0.5 <0.001 0.09 0.3 <0.001 
 
Preference: To what extent does perceived messiness, perceived level of urban development, and 
perception of safety predict preference? 
 We predicted that messiness and level of urban development would be negatively 
correlated with preference, but perception of safety would be positively correlated with 
preference.  
 Our assumptions were mostly correct. Perception of safety is significantly and positively 
correlated with preference, Adj R2 = 0.05 F(1,215) = 10.3; p <0.01. Perceived level of urban 
development is significantly and negatively correlated with preference, Adj R2 = 0.08 F(1,215) = 
20.4; p <0.001. Messiness is not significantly correlated with preference, Adj R2  = 0 F(1,215) = 
0.1; p >0.05. Table 6.3 describes the correlations between these urban contexts and preference. 
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Table 6.3. Correlations between urban contexts and preference. 
Predictors 
Preference 
Adj R2 Β p value 
Messy 0 0 >0.05 
Urban 0.08 -0.3 <0.001 
Safety 0.04 0.2 <0.01 
 
Mediation: Do perceived messiness, perceived level of urban development, and perception of 
safety mediate the relationship between vegetation density and preference? 
 We wondered whether the perception of messiness, perception of urban development, 
and perceived safety mediated the relationship between preference and vegetation density. 
Mediation analysis requires that the mediator be significantly correlated with both dependent and 
independent variables. Only perception of safety and perception of urban development met this 
criterion. If one of these perceptions of urban context is the mediator, it must meet the following 
criteria: 1) The beta coefficient of vegetation density would decrease in the multiple regression 
model. 2) Vegetation density might no longer be a significant predictor of preference in the 
multiple regression model. 3) The urban landscape characteristics would still be significantly 
correlated to preference. 
 We found that perception of safety is not a significant predictor of preference, Adj R2 = 
0.16 F(212) = 21.3, p<0.05. Perceived level of urban development also doesn’t significantly 
predict preference Adj R2 = 0.16 F(212) = 21.1, p<0.05. Table 6.4 shows the mediation analysis 
results.  
 
  
113 
 
Table 6.4. Mediation analysis results. 
Model predictor 
Preference 
Adj R2 Β p value 
1 
vegetation 
density 
0.16 
0.33 <0.001 
Urban -0.12 >0.05 
2 
vegetation 
density 
0.16 
0.37 <0.001 
Safety 0.1 >0.05 
 
Discussion 
 We found that vegetation density significantly and positively predicts perception of 
safety. Perception of safety also predicts landscape preference. However, the perception of safety 
is not a mediator between vegetation density and preference. We also found that vegetation 
density significantly and positively predicts the perceived level of urban development. Perceived 
level of urban development also predicts landscape preference. However, the perceived level of 
urban development is not a mediator between vegetation density and preference. Finally, we 
found that messiness is not a significant predictor of preference.    
 Some of these findings are congruent with previous research. For example, people prefer 
environments they feel safer in, and vegetation density can predict preference (Jiang et al., 2015; 
Jorgensen et al., 2002; Lovasi, Schwartz-Soicher, et al., 2013). Some findings have not been 
reported empirically before, such as higher perceived level of urban development is associated 
with lower preference.   
 Some findings are incongruent with previous research. For example, we found that 
messiness is not a negative predictor of preference but in other studies, messiness was negatively 
related to preference (Nassauer, 1995b; Suppakittpaisarn, Larsen, et al., 2016). This 
incongruence also appeared between the findings presented in Chapter 3, in which the preference 
scores of neat bio-retention and messy bio-retention differ significantly. One reason for this 
discrepancy might grow from our way of collecting perceived messiness data. In this study, the 
videos contained 24 different landscapes with varying levels of messiness. In the study described 
in Chapter 5, participants noted that some landscapes were messy and some were neat. Thus, it is 
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difficult to say whether perceived messiness influenced preference because the messiness of the 
landscapes varied in the videos. We did not see strongly inconsistent opinions about safety or 
levels of urban development in the comments of the video from Chapter 5, thus the incongruence 
might not appear in the other urban contexts.    
 These finding give suggestions to designers and planners about GSI implementation. 
First, designers should not be discouraged to implement GSI with native plants. Regardless of 
how messy the planting designs were, vegetation density still predicts preference. Designers 
should implement GSI in the areas where people feel less safe or have a high level of urban 
development because it might make people feel safer and closer to nature. Still, scholars should 
further explore the design elements that make people feel safer.  
 To confirm and expand on our findings, more carefully designed experiments and 
questionnaires are needed. For example, we did not control the level of messiness, level of urban 
development, and level of landscape features that might impact perceived safety in each video. 
That is, images weren’t selected with messiness, urban development, and safety in mind. Each 
video contained images with different levels of messiness, different kinds of urban development, 
and various features that may have influenced safety perceptions. This may explain why 
perceived messiness was not correlated with preference. Such issues need further exploration.  
 Another factor that may influence the results is the demographics of the participants. To 
what extent do age, gender, and cultural background influence the relationships between urban 
context and preference? For example, one study showed that women’s perception of safety 
increased more than men when vegetative elements and lighting was added into a landscape 
(Jiang, Mak, et al., 2017). Will teenagers prefer places that are perceived as less safe? These 
questions deserve examination. 
 Future research should investigate how certain urban contexts, such as socio-economic 
levels, impact these urban contexts. Future research should also investigate how perceptions of 
the urban context influence relationship between the built environment and other aspects of 
human health, such as stress and attention fatigue.  
 
Conclusion 
 Evidence has shown that contact with nature is beneficial to human health. The 
implementation of GSI is gaining popularity. In the previous chapter, we discuss the relationship 
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between GSI and preference, but not the context in which the GSI is implemented. The extent of 
which some urban context might be a part of relationship between GSI and well-being. If we 
don’t know this, we risk ignoring the context of the GSI; this might lead to GSI that people 
dislike and do not reap full benefits from. 
 In this study, we conducted preference and urban context surveys to understand the 
relationship between vegetation density, preference, and urban landscape characteristics. Our key 
findings are that perception of safety are positively associated with preference, but does not 
mediate the relationship between vegetation density and preference. Perceived level of urban 
development is negatively associated with preference, but does not mediate the relationship 
between vegetation density and preference. 
 This information is useful because it suggests that implementing GSI increases 
perception of safety and might decrease negative feelings about the level of urban development. 
Future research should investigate these urban landscape characteristics and how they interact 
with vegetation in the built environment. This new knowledge will help us balance the ecological 
benefits of the city and human health, thus making it easier for designers and planners to bring 
nature to every doorstep. 
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Chapter 7 
Conclusion 
 
 In this dissertation, I examined how people may gain health and well-being benefits from 
GSI. We have acquired new knowledge and enhanced some of our understanding and hypotheses 
regarding the built environment and human well-being. First, I established that although previous 
studies provide evidence that trees and parks impact landscape preference and human health, 
little is known regarding GSI’s influence on landscape preference, human health, or well-being, 
despite its growing popularity. Next, I confirmed that higher vegetation density predicts greater 
preference in the landscape regardless of vegetation type. After that, we learned that people 
perceive and prefer various types of GSI differently—flowers, trees, and neat bioretention are 
most preferred, and the areas with no GSI, messy bioretention, and lawns are least preferred. 
While we did not find a significant relationship between GSI density levels and stress recovery 
and attention restoration, we made suggestions for future studies. Finally, we found that 
perceived level of urban development and perceived safety impact human preference of GSI.  
 In this chapter, I provide a summary of major findings related to each of these issues, 
explain the contributions for methodology and practice, and identify questions for future 
research. 
 
Summary of findings 
 In Chapter 2, I conducted a systematic review of the literature on the benefits of GI on 
human health and found that most studies focused on trees and parks. Working with members of 
our lab, we found there is a large body of evidence associating trees and parks with human 
health. People who live near trees experience lower risk of crime (Du & Law, 2016; Kondo et 
al., 2017; Kondo, Hohl, et al., 2015; Troy et al., 2016), obesity (Astell-Burt, Feng, & Kolt, 2014; 
Lovasi, Schwartz-Soicher, et al., 2013; Ogden et al., 2012), and cardiovascular diseases (Lewis 
et al., 2009). Individuals who view green spaces experience improve short term memory and 
better  attentional functioning than their peers who did not view green spaces (Lee et al., 2015; 
Li & Sullivan, 2016). There has been, however, little evidence regarding the relationship 
between newer types of GSI and human health and well-being indicators.  
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 In Chapter 3, I reported on the results of a preference questionnaire and factor analysis 
and showed that people’s preference for different types of GSI varies and that messiness plays 
the role in preference. For example, people prefer neat bioretention more than messy-looking 
bioretentions. We also found that trees and flowers are two of the most preferred elements of 
GSI, and future designers should incorporate trees and flowers to the extent they can in any GSI 
design. Urban landscapes devoid of vegetation were the least preferred, meaning that any GSI is 
better than none. Finally, we found that designers are more accepting of newer types of GSI than 
are laypeople. These results suggest that we must design GSI to look at least somewhat neat and 
well-maintained and include trees and flowers into the design and that designers should learn 
what laypeople prefer for GSI designs and implementation.  
 In Chapter 4, we conducted a statistical analysis of preference studies and found that 
greater density of any kind of vegetation in GI photographs leads to higher preference. We used 
Browndog’s Green Index to calculate the vegetation density. We found that overall vegetation, 
understory vegetation, and the vegetation density in bio-retentions were each positively 
associated with human preference in a power relationship. That is, preference score increases 
considerably when the vegetation density increases from low to medium ranges, but the score 
increases less dramatically when the vegetation density increases from the medium to high 
ranges. We also found no interactions between the different types of vegetation and preference.   
 In Chapter 5, we conducted an experiment regarding GSI and health but failed to see 
significant results, likely because of a combination of technical errors. We suggested ways to 
improve research approaches to the built environment and human health. Furthermore, 
participants’ comments on vegetation, messiness, perception of safety, feelings, architecture, 
level of urban development, and overall aesthetics suggest that perceptions of the urban context 
may impact GSI preference.    
 Based on our findings in Chapter 6, we wondered whether perceptions of the urban 
context, such as perception of safety and perceived level of urban development, were associated 
with preference for GSI. We found that vegetation density is associated with perception of safety 
and perceived level of urban development. Still, perception of safety and perceived level of 
urban development were not mediators in the relationships between vegetation density and 
preference. This finding suggests that although urban context might be related to vegetation 
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density and preference, these contextual factors did not explain why vegetation density predicts 
preference.    
 
Methodological contributions 
 These findings have four main methodological contributions for researchers seeking to 
use empirical methods to study the environment and human health.  
 First, this research is one of the first to employ a new technology to measure vegetation 
density, an objective quality of an environment (Li, 2016; Li & Sullivan, 2016). We are among 
the first studies to examine the question of green density using eye-level photography. 
Vegetation density from eye-level photography is important because it represents the vegetation 
density that people experience more accurately than vegetation density calculated from satellite 
images (Jiang, Deal, et al., 2017). Extracting eye-level vegetation density manually takes a 
considerable amount of time and effort. With the use of Browndog’s Green Index tool, the task 
was much less arduous. Browndog’s Green Index tool is a small part of the Browndog Project. 
Since it is free and accessible to the scientific community, scholars should learn about it and use 
it as much as possible.    
 With the help of this Browndog tool, we were able to examine the dose of more than one 
type of natural environment. Previous studies about built environment and human health usually 
examine nature in a binary way, or if they consider density of nature, they usually consider just 
one type per study. Understanding how different natural elements interact in landscapes is crucial 
for design implications.   
 Although we did not find the physio-psychological effects of GSI that we expected to 
find in Chapter 5, we found people performed Digit Span Backward significantly better after the 
Tiered Social Stress Test. This finding is consistent with a psychological theory that suggests 
acute stress leads to a short period of higher mental capacity (James, 1892; Lupien et al., 2002). 
The findings from our study support this hypothesis. Based on our findings, we recommend that 
researchers not examine attention capacity right after acute stress or avoid measuring them in the 
same study. The relationship between stress and attention capacity should be examined further.  
 Finally, we identified some possible contextual factors to consider in future research 
about GSI. Unlike natural elements such as parks and street trees whose design purposes are for 
people’s experience, GSI’s main purpose is to manage stormwater.  Thus, it requires different 
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forms and arrangements than conventional landscapes. The types of vegetation in GSI may be 
messy and look like they can harbor snakes, spiders, or even criminals. Our studies showed that 
perceived level of urban development and perception of safety may be related to preference, and 
that designers should consider how the urban context is impacting people’s reactions to a 
landscape.   
 
Implications for Practitioners 
 From this dissertation, we have gained a better understanding of the relationship between 
GSI and human health. The findings show correlations between GSI and human well-being that 
have implications for designers and planners.  
 Our findings suggest that planners and designers should not fear implementing GSI. 
Anything, even a messy patch of rain garden, is more preferred than barren concrete or other 
aspects of the urban landscape without vegetation. In fact, the more plants there are in a 
landscape, the more preferred the landscape will be.  
 Our findings demonstrate that neatness plays a role in how people perceive urban 
landscapes. Landscapes with crisp, neat lines and a neat arrangement have the power to influence 
how people perceive them as well as providing people with health benefits. Designers, when 
introducing GSI, should design it with clean lines and neat arrangements. While it is challenging 
to achieve neatness and cues of maintenance with native plantings., many planting designers, 
landscape architects, and horticulturalists have created and recommended ways to design such 
landscapes (Diblik, 2014; Dunnett & Kingsbury, 2004; Oudolf & Kingsbury, 2013). The 
restorative effects of these landscapes should be empirically tested further. 
 The findings I have presented here suggest that designers and planners should pay special 
attention to barren landscapes. Adding even a small amount of vegetation to a barren landscape 
will yield a large increase in preference. Adding vegetation to a space that already has a fair 
amount of vegetation will yield only a small increase in preference.  
 While much research needs to be done regarding the impact of understory plants on 
preference and wellbeing, we found that flowers were the most preferred landscape elements and 
might produce the most human health benefits. We recommend that newer types of GSI, such as 
rain gardens and bioswales, include flowers that bloom at different times to improve people’s 
preference of such landscapes.   
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 We also found that designers’ preferences of GSI were different from laypeople’s 
preferences in several key ways. To make sure that people gain the full benefits of exposure to 
urban nature, designers should allow laypeople in the community to express their preferences for 
GSI designs by providing a community gathering where people can vote on design options or 
allowing people to recommend their own designs. Since we know that education might make the 
difference in preference and acceptance, designers and planners should also work to give 
laypeople knowledge about how GSI functions. They can use educational posters, videos, and 
community outreach activities to inform people about GSI. However, we still need to understand 
the optimal amount of information that laypeople need to be more accepting of GSI.   
 Finally, we found that designers should be aware of other factors that might affect 
preference. From our study, we learned that perceived messiness, perceived levels of urban 
development, and perceived safety were factors that impact landscape preference. Designers and 
planners should find ways to implement GSI that are not messy, that increase people’s sense of 
safety, and that create a feeling of “being away,” even in a busy urban environment (Kaplan 
here). Our research suggests that people will feel safer and be less likely to feel like the 
environment is too “urban” if there is greater vegetation in the landscape.  
 
Future research 
 Future research can build upon this study in multiple ways. I began this dissertation by 
identifying gaps in literature regarding the relationship between GSI, preference, and human 
health. We need to know more about the extent to which and the mechanisms through which GSI 
affects human health and well-being. To understand people’s responses to GSI, we need to 
consider not only preference but other physio-psychological indicators, such as stress recovery 
and attention restoration. We also need to examine how the dose, frequency, and duration of 
exposure to GSI impacts health and well-being. Because expertise affects preference (people 
with a design background were more likely to prefer bioswales and raingardens), we also need to 
know more about how education impacts the implementation of GSI and people’s responses to 
GSI. In the last chapter, I pointed out that people’s perceptions of the urban context influence 
how people interact with urban landscapes. However, we still do not understand the extent to 
which people’s perceptions of the urban context impact people’s preferences and responses to 
GSI. Below, I identify future research directions for researchers.  
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To what extent does acute stress influence attention capacity? 
One interesting finding from our research was that acute stress and attention might affect each 
other (see Chapter 5), but little evidence shows the relationship between stress and attention.  
Future researchers should investigate the extent to which acute stress can impact attention 
capacity. How much stress is necessary to stimulate an increase in attentional functioning? How 
long does the effect last? This information can be helpful in further studying human response to 
any stimuli in the future.  
 
To what extent does GSI influence human health and well-being?  
Although this dissertation was designed to address this question, there is still much we do not 
know. What concentrations of vegetation, duration of exposure, and frequency of exposure do 
people benefit from? What is the shape of the dose-response curve for exposure to GSI and 
wellbeing?  What kinds of health benefits do people have from being around GSI? Are these 
health benefits similar to the health benefits of trees and parks? What kind of health benefits 
might be unique to GSI exposure? While Chapters 3, 4, and 5 touched lightly upon some of these 
questions, we still need more empirical evidence. 
   
To what extent do demographics, such as age, gender, and cultural backgrounds, influence the 
impact of GSI on human health and well-being? 
We have a lot to learn about the role demographics play in the relationship between GSI and 
human well-being. In Chapter 2, we learned that trees and parks can special effects for certain 
groups people. For instance, exposure to nature improves behavior in children and lowers blood 
pressure for pregnant women. In Chapter 3, we learned that designers prefer certain GSI 
elements significantly more than laypeople, and that there are some statistically significant 
differences between gender and geographical locations of the participants, but the differences 
were minimal. Chapter 5 showed some differences in what male and female participants noticed 
in landscape videos. Still, we need more evidence to understand how to use this information to 
effectively design and implement GSI to serve different groups of people.   
 
  
122 
 
To what extent does knowledge about GSI influence human health and well-being? 
 We also do not know much about how expertise can affect the way in which people reap 
potential health benefits of GSI and other types of urban nature. In Chapter 3, we found that 
designers prefer newer types of GSI significantly more than laypeople. Does this mean that 
people with expertise or knowledge about GSI can gain more health benefits from it? If that is 
the case, how much of an additional benefit does knowledge or expertise convey, and how much 
education would be required?    
 
To what extent do urban contexts influence human health, and to what extent do GSI design 
strategies influence these urban contexts and preference?  
 We have a lot to learn about how people’s perceptions of urban contexts influence 
people’s responses to GSI. How people perceive the safety or cleanliness of an urban 
environment may influence how they interact with a landscape. In Chapter 6, we found that 
perception of safety may influence how people reap benefits from GSI and possibly other types 
of urban nature. Other questions remain: To what extent do planting designs, edge patterns, or 
other surrounding environments impact people’s perception of these contexts? To what extent do 
these contexts influence people’s health outcomes, such as stress level, and behaviors, such as 
their likelihood to walk or socialize in such landscapes? These questions are important in further 
developing GSI that would benefit human health. 
 
 
Final remarks 
These research findings help us understand the relationship between GSI and human 
well-being and in doing so, they help us understand that the health benefits associated with urban 
nature extend beyond trees and parks and into the realm of GSI. Adding GSI to an urban setting 
is likely to make the space seem more attractive and restorative. The findings presented above 
have implications for designers and decision makers who are considering incorporating GSI in 
their cities. They can use the findings here to select the kinds and amount of GSI which are most 
preferred.  
Landscape architects and city planners often lack evidence about which elements are 
most preferred and how much of a particular landscape feature will elicit a positive health effect. 
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Our findings begin to provide this evidence regarding GSI. We have strengthened the reliability 
of our findings by using crowdsourcing tools to survey hundreds of people—both laypeople and 
experts. We have used a variety of physiological and psychological methods to capture people’s 
stress, preference, and attention levels. We have used a variety of statistical tools such as linear 
regression and mediation analysis to mathematically explore what landscape architects have 
wondered. These methods have yielded results that are useful to designers and have strengthened 
the notion that even small amounts of plants (such as those in bioswales and rain gardens) can 
improve ecological and human well-being. 
The knowledge provided by this study can help bring nature to every doorstep. The 
results reinforce previous findings that gray infrastructure and green infrastructure affect humans 
differently. These new findings add to a growing body of evidence that shows that urban nature 
is important to human well-being, and will help encourage policy-makers to support the 
development of more green stormwater infrastructure in cities. It is crucial that we design 
landscapes that benefit both the environment and people. As designers, we cannot choose one 
over the other. This study has shown that it is possible—and necessary, to respond to the needs 
of people and the environment together.  
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GSI and Human Health Experiment Consent Form (Page 1)  
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GSI and Human Health Experiment Consent Form (Page 2)  
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GSI and Human Health Experiment Flyer 
 
  
146 
 
 
GSI and Human Health Experiment Health Form 
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GSI and Human Health Experiment Self-Reported Stress Form 
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Digit Span Forward 
 
Instructions: 
Begin with item 1a and say: “I am going to say some numbers. Listen carefully, and 
when I am through, say them right after me. Ready?” 
Read digits clearly, at the rate of one per second, letting voice pitch drop on last digit. Each 
digit sequence is presented only once. If the subject asks for a repetition, say, "Just tell me 
what you can remember." Spontanteous changes of the response are permitted. The 
procedure is discontinued after two consecutive errors at the same item length. Discontinue task 
after two consecutive errors of the same item length.  
“Correct. Here is the next one.” 
“Incorrect. Try again. Ready?”  
“Thank you, you’re finished with this task.” 
 
Digit Span Forward 1 Digit Span Forward 2 Digit Span Forward 3 
1a. “Ready? 6-2-9.” 1a.  5-2-1 1a.  1-6-3 
1b. “Here is the next one: 3-7-5.” 1b.  3-4-7 1b. 7-2-8 
1c. “Try again; ready? 8-4-7” 1c. 5-6-3 1c. 1-3-9 
2a. 5-4-7-1 2a. 8-7-2-5 2a. 2-6-8-4 
2b. 8-3-9-6 2b. 3-4-1-6 2b. 3-4-9-5 
2c. 9-5-1-9 2c. 7-9-5-8 2c. 7-6-8-2 
3a. 3-6-9-2-5 3a. 1-9-2-3-5  3a. 7-5-8-6-2 
3b. 6-9-4-7-1 3b.  5-6-9-3-6 3b. 9-7-2-5-8 
3c. 1-2-8-4-7 3c.  9-7-8-4-1 3c. 6-9-4-1-3 
4a. 9-1-8-4-2-7 4a. 2-3-7-4-6-2 4a. 6-4-3-7-1-8 
4b. 6-3-5-4-8-2 4b. 2-5-3-1-7-4 4b. 3-6-1-8-7-9 
4c. 9-5-7-1-6-2 4c. 9-7-8-6-9-5 4c. 4-7-3-8-6-2 
5a. 1-2-8-5-3-4-6 5a. 4-2-5-9-5-2-1 5a. 3-2-9-6-4-9-5 
5b. 2-8-1-4-9-7-5 5b.  1-7-8-1-5-8-4 5b. 5-2-8-6-1-9-3 
5c. 3-7-4-6-8-5-2 5c.  6-9-1-6-2-7-9 5c. 4-8-5-4-6-1-8 
6a. 3-8-2-9-5-1-7-4 6a.  6-1-4-2-9-3-8-5 6a. 5-4-7-8-9-1-7-5 
6b. 5-9-1-8-2-6-4-7 6b.  3-1-6-2-9-3-4-6 6b. 1-2-6-2-4-5-3-4 
6c. 7-5-8-1-2-3-9-1 6c. 3-9-6-5-9-1-4-3 6c. 8-7-1-5-4-9-6-8 
7a. 1-8-5-9-6-4-9-5-4 7a. 5-2-7-1-5-9-4-7-8 7a. 5-1-3-6-2-7-6-4-7 
7b. 4-5-9-8-1-2-6-3-9 7b. 6-4-7-9-1-7-5-6-2 7b. 3-6-7-2-9-8-1-7-9 
7c. 2-1-8-3-5-4-6-8-1 7c. 9-3-5-6-8-2-7-5-4 7c. 4-5-9-7-8-1-3-5-2 
8a. 6-7-4-1-9-8-6-2-3-6 8a. 2-8-9-5-4-6-7-9-1-3 8a. 9-5-2-8-4-7-3-6-1-5 
8b. 1-6-2-9-1-8-4-5-2-3 8b. 8-4-5-9-3-6-2-8-5-7 8b. 6-8-9-4-6-2-5-7-1-3 
8c. 7-1-5-3-4-2-7-4-9-5 8c. 9-1-5-8-4-2-3-6-7-4 8c. 2-8-7-3-4-9-5-1-6-8 
9a. 8-4-2-5-9-3-7-4-1-5-6 9a. 8-4-7-5-4-2-1-3-2-6-8 9a. 1-5-8-4-2-3-7-6-9-4-3 
9b. 9-7-8-2-4-6-1-5-8-3-2 9b. 5-8-6-2-4-9-5-7-8-1-7 9b. 2-4-5-2-3-8-4-2-5-8-9 
9c. 5-8-6-5-2-4-6-7-1-6-8 9c. 9-4-3-8-6-5-2-7-5-4-2 9c. 3-6-5-7-2-8-9-5-1-4-8 
10a. 2-8-7-6-3-4-9-5-2-1-9-5 10a. 1-5-8-4-2-9-3-6-5-7-4-8 10a. 7-9-5-2-8-6-4-1-5-3-8-9 
10b. 8-5-3-4-9-2-7-1-6-8-1-7 10b. 2-5-7-4-9-6-3-8-5-2-1-3 10b. 5-1-3-7-4-5-8-2-9-6-1-4 
10c. 4-9-6-8-2-9-5-7-3-5-6-2 10c. 8-5-7-4-9-2-1-8-5-3-6-4 10c. 8-5-3-4-9-2-6-8-5-1-7-6 
 
 
GSI and Human Health Experiment Digit Span Test Instruction Card 
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GSI and Human Health Experiment Preference Survey 
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Urban Contexts Survey 
 
